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Abstract 
 In order to investigate the effects of calcium carbonate and iron oxide on the 
thermal decomposition of solid fuels, we have constructed an isothermal flow reactor to 
perform experiments on the model compound catechol (ortho-dihydroxybenzene), a 
phenol-type compound representative of coal, wood and biomass. Calcium carbonate and 
iron oxide are inorganic components of coal and wood, which have demonstrated 
catalytic properties in thermal reactions and are commercially used to enhance the 
conversion of solid fuels.  
In this study, the effects of the inorganic solids on pyrolysis and combustion are 
conducted through identification and quantification of the products formed after 
subjecting vapor-phase catechol to temperatures that range from 300 to 600 °C at a 
residence time of 7.36 seconds inside the flow reactor. A carrier gas consisting of either 
(1) pure nitrogen for pyrolytic experiments, (2) 1540-ppm oxygen, and (3) 1320-ppm 1,3-
butadiene in nitrogen, are utilized to generate a stream with constant catechol 
concentration.   
To investigate the role of the inorganic solids on the reactions, the inorganic 
solids are placed between quartz wool and installed near the reactor’s exit end. Reaction 
products are then collected at the exit end and analyzed using gas chromatography with 
mass spectrometric and flame ionization detection, non-dispersive infrared analyzers, and 
reversed-phase high performance liquid chromatography with diode-array ultraviolet-
visible absorbance detection.  
The experimental results demonstrate the catalytic activities of calcium carbonate 
and iron oxide. In both cases, interaction with the inorganic solid enhances catechol 
  xvi 
conversion. For calcium carbonate, increase in the conversion of catechol is attributed to 
the enhanced scission of catechol’s O-H bond. The scission, in turn, promotes phenol, 
1,3-butadiene, naphthalene, phenanthrene, anthracene, and pyrene formations. For iron 
oxide, deactivation occurs during catechol reactions in the reducing environments of 
pyrolysis. In the presence of 0.15% O2, iron oxide enhances catechol conversion through 
the cis-cinnamaldehyde formation pathway.  
To enhance our understanding of catechol conversion, the effects of residence 
time and presence of 1,3-butadiene are also investigated. The results support previously 
reported reaction mechanisms that include H elimination of catechol, phenol formation, 
benzoquinone formation, and the aromatic growth pathway of aliphatic addition.  
 
  1 
Chapter I 
 Introduction 
1.1 Background and Motivation 
  
 Solid fuel is commonly used for power generation where it provides for a 
significant portion of the worldwide demand for energy. In the United States for example, 
54% of the electricity sources comes from the combustion of coal, an abundant solid fuel 
resource with the potential of supplying even more of the country’s future energy 
needs.
2,3
 In addition to their role in energy production, solid fuels can also be processed 
and converted into liquid chemicals to serve as the backbone of the chemical industry.
4
 
The feasibility of economically converting coal into liquid chemicals!specifically into 
liquid fuels!offers huge incentives to various research studies since it provides feasible 
solutions to the challenges posed by the limited and unstable supply of oil. 
In addition to coal, solid fuels also include biomass, which is becoming more 
commercially viable and!unlike coal!renewable.
5
 Currently, biomass fuels provide 
approximately 15% of the world’s supply for energy
6
 but can contribute significantly 
more given current interests in lowering greenhouse gas emissions.
7
 Biomass fuels can 
also be converted into liquid fuels using currently developed technologies involving 
thermochemical conversions, such as gasification, pyrolysis, and combustion. The 
conversion of biomass fuels!and solid fuels in general!into liquid-based fuels, require 
thermochemically breaking down the fuel matrix into its basic structural components and 
through secondary reactions, convert the resulting species into aliphatic and aromatic 
products. The resulting mixture can then be processed by extracting the desirable 
components and then used as any other liquid fuel.
4,8
 Thus, it is imperative!in order to 
  2 
utilize solid fuels! to understand the processes involved in the conversions of solid 
fuels, specifically the chemical reactions that takes place when solid fuels are subjected to 
the high temperature condition of pyrolysis, and combustion. This requires investigating 
the kinetics of solid fuels through the identification and quantification of various 
components produced during the conversion of solid fuels, more relevantly during the 
pyrolysis and combustion of coal and biomass.   
 As a fossil fuel, coal contains mostly organic component that have been exposed 
to elevated temperatures and pressures during the geological process of coalification.
1,9
 
Under these conditions, organic components!mostly plant-based 
components!transform into a brown to black solid of varying carbon content and, 
depending on the extent of coalification, the solid becomes peat, lignite, bituminous coal, 
or anthracite. Among the different types of coal, anthracite is the most commercially 
favorable due to its high carbon and energy content.  However, because anthracite 
deposits are very limited, most coal used in power generation and chemical synthesis are 
the bituminous and lignite type.
10
 
The chemical structure of coal have been investigated in several studies, not only 
to determine the biochemical process involved in coal formation but mostly to study the 
potential of coal as a source of various chemicals and synthetic fuels.
1
 Using different 
analytical techniques such as surface spectroscopy
11
 and fragment analysis,
12
 the 
structure of coal can be approximated. Based on the results of these studies, the structure 
of coal can be summarized as mostly aromatic in nature linked together by aliphatic and 
ether linkages (Fig. 1.1a) formed as a result of its lignocellulosic origin. Subjecting coal 
to elevated temperature breaks these linkages and liberates the aromatic, aliphatic, and 
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oxygen-substituted components thorough a process called devolatilization.
13,14
 The 
chemical and physical process involved in devolatilization transforms solid coal into gas, 
char, and mostly-aromatic tar components. Secondary reaction of the components can 
occur to form products that are!among other devolatilization species! detected as 
products of the conversion or utilization of the solid coal. Based on the wide range of 
species observed and the complexity of the products, deconvoluting product formation 
based on known reactions remains very difficult.
14
 
 Another solid fuel, that is also known for its potential for supplying future energy 
needs while, at the same time, addressing the problems associated with greenhouse gas 
emissions is the solid fuel biomass. Biomass refers to organic materials, usually plant-
based, that can be utilized or transformed into industrially relevant forms such as liquid 
fuels. Out of the different types of biomass, lignocellulosic biomass offers the most 
promising solution to current energy problems since it does not compromise food 
production and is, in most cases, ubiquitous. Despite the commercial viability, converting 
lignocellulosic biomass into liquid fuels remains challenging since the traditional method 
of conversion, which is fermentation, is still unable to economically convert lignin-
trapped carbohydrates into ethanol. Thermochemical methods of conversion, on the other 
hand, are still being explored but is promising due to the minimal requirement in 
equipment and energy.
15
 A promising development in thermochemical conversion is the 
production of fuel from bio-oil. Bio-oil is the liquid mixture that results directly from the 
pyrolysis or partial oxidation of biomass and requires only minimal processing and does 
not use significant amounts of energy.
16,17
 Bio-oil production is a very economical 
method of converting any organic solid fuel into a liquid form but the end-result is a 
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highly unsuitable fuel. As an aqueous mixture of several mostly polar components, bio-
oil requires extensive post-production and upgrading before it can be utilized. The 
additional process required to utilize bio-oil increases the final cost of the liquid fuel and 
makes biomass conversion less attractive as a substitute to petroleum-based fuels.  
 A solution to mitigate the problems associated with the post processing of bio-oil 
is to gain a better understanding of bio-oil formation by deconvoluting the chemistry of 
lignocellulosic biomass pyrolysis. Understanding the formation of bio-oil, however, 
requires elucidating the role of individual structural components of lignocellulosic 
biomass. This involves studying the contributions from lignin, cellulose, and 
hemicellulose during the conversion process. Among these components, lignin is most 
likely to have a significant contribution to the complexity of the resulting bio-oil due to 
its inherent complex aromatic structure and the stability of its structural components.
18
 A 
thermal decomposition study of biomass also reveals that lignin contributes to bio-oil 
formation at a wider temperature range than the other components.
19
 The wide range of 
reaction temperature indicates that lignin contributes to biomass pyrolysis at almost any 
relevant temperature range, while other components oxidize completely or remain 
unreacted in conditions beyond the optimal biomass conversion temperature.
19
 The 
relevance of lignin in biomass conversion requires understanding the processes involved 
during the pyrolysis and combustion of lignin. Several lignin decomposition studies have 
been performed but, due to its inherent complexity, investigating lignin decomposition 
remains difficult.
2,18,20
 
  To minimize the difficulty produced by the complexities of lignin and coal 
structures, thermal decomposition studies can instead be performed using smaller 
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compounds that can represent the entire structural components of lignin and coal during 
thermal decomposition. These model compounds can also be used to elucidate the 
kinetics of solid fuels.
21-23
 In pyrolysis and combustion studies, model compounds vary 
from light hydrocarbons species to aromatic species with multiple rings.
21-23
 C1-C6 gases, 
for example, have been considered because of their ubiquity in most instances where fuel 
decomposition is involved. The products that are produced directly from hydrocarbon 
decomposition have also been investigated since the secondary reactions of these species 
often determines the formation of final products.
24
 Still in other studies, thermal reactions 
that results in the formation of larger species from smaller compounds is investigated for 
its potential commercial applications, for example in the production of ethylene and 
acetylene from methane.
25,26
  
In solid fuel studies, the results of hydrocarbon experiments revealed potential 
roles in the reaction. Acetylene, in particular, was demonstrated to participate in the 
formation of larger molecular weight components during pyrolysis and combustion 
through a mechanism known as hydrogen abstraction/acetylene addition.
27,28
 The results 
of acetylene studies have been vital in explaining the formation of large aromatic species 
associated with the combustion and pyrolysis of solid fuels. Aliphatic hydrocarbons, 
however, are not the only model compound with significant roles in product formation. 
Other types of model compounds, including aromatic model compounds, also produce 
important information that helps in understanding the formation of different species from 
solid fuel reactions.
23
 
 Since major structural moieties of coal, wood, and biomass are aromatic in nature, 
among the relevant model studies are those performed using aromatic model species.
29
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Benzene studies for instance have helped explain the formation of soot in combustion 
systems and led to associate the formation of aromatic species with soot formation.
28
 The 
results of benzene and studies on aromatic species also revealed that the aromatic species 
produce larger and large aromatics, including polycyclic aromatic hydrocarbons (PAH), 
through subsequent addition of aliphatic species.
28,30
 The pyrolysis of PAH have also 
been investigated and has served as model compounds to represent the pyrolysis of the 
aromatic components of coal. Coal is the most abundant and most commercially 
important solid fuel. The results of PAH pyrolysis studies have successfully demonstrated 
the role of existing aromatics as building blocks toward the formation of larger PAH, 
which can also explain the formation of aromatic species and soot during the pyrolysis 
and combustion of coal.
31
 Other aromatics, particularly phenolic compounds, also proved 
valuable in understanding the chemistry of the pyrolysis and combustion of solid fuels 
especially since solid fuels also contain phenolic components. An advantage of the using 
phenols as model compounds is the striking difference in increased reactivity as a result 
of the additional oxygen that is mostly responsible for most of the reactions in low-rank 
coal, lignin and biomass fuels.
18,32
 
 One of the phenolic compounds used that represent the structural moieties of 
various solid fuels is catechol (ortho-dihydroxybenzene). As a phenolic compound, 
catechol represents the oxygen-containing structures prevalent in the lignin of wood and 
other biomass. In addition to structural similarities with fuel’s oxygen-containing 
structures, pyrolytic studies also showed striking similarities, particularly in PAH 
formation, between the products of catechol pyrolysis and products from the pyrolysis of 
coal.
33,34
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Figure 1.1 Representative structural models of bituminous coal (a) and lignin (b).
1,2
 
b) 
at 500 8C. The amount of phenol was independent of the
source of lignin but the amount ofm- and p-cresol was much
lower from tobacco lignin than that from the wood lignin.
Similar results were obtained under aerobic conditions
except that the yields were lower.
Caballero et al. [4] studied pyrolysis of Kraft lignin in a
Pyroprobew at temperatures from 450 to 900 8C with
heating rates of 20 8C/ms. The major gaseous products were
methanol, formaldehyde, acetaldehyde, acetic acid and light
hydrocarbons, in addition to CO, CO2, and H2O. Among the
hydrocarbons, the highest yield was for methane, followed
by ethylene and benzene. The yields increased sharply
above 500 8C. Alen et al. [5] also used a Pyroprobew to
pyrolyze softwood lignin and observed a decrease in char
yield from 70% at 400 8C to ca. 20% char yield at 1000 8C.
The volatile product contained mainly vanillins and
guaiacols at 400 8C and aromatic hydrocarbons and phenols
at 1000 8C. Catechol was observed at 600–800 8C.
Nunn et al. [6] used a screen heater to pyrolyze milled
wood lignin at 300–1100 8C and observed methanol,
formaldehyde, acetaldehyde and acetic acid in the product,
similar to that reported by Caballero et al. [4]. Iatridis and
Gavalas [7] reported similar results from the pyrolysis of
Kraft lignin in a screen heater at 400–700 8C.
Britt et al. [8] reported that lignin pyrolysis occurred
mainly by a free-radical reaction mechanism. Jakab et al. [9]
used a thermogravimetric analyzer (TGA) to pyrolyze
various lignins in the presence of inorganics such as NaCl
and ZnCl2. NaCl was found to promote dehydration,
demethoxylation and recombination of the primary radicals
whereas ZnCl2 promoted the ionic decomposition route.
As literature indicates that considerable work has been
done on the composition of the volatile products, there is no
detailed information on the nature of char formed in the
pyrolysis of lignin. The char is the intermediate solid
residue, which is formed in the pyrolysis of most biomass.
The char is believed to contribute to the formation of
polycyclic aromatic hydrocarbons (PAHs) during biomass
pyrolysis, particularly at low temperature [17]. The chars
from pectin and tobacco [16,34] were studied and it was
found that the physical and chemical characteristics of chars
were governed more by pyrolysis temperature than the
nature of the substrate. Since lignin is an important
constituent of woody biomass it is of interest to determine
how the composition and the aromatic structure of lignin
affect the characterization and reactivity of char from lignin.
In this study, the char was prepared by pyrolyzing lignin
at atmospheric pressure and temperatures ranging from 150
to 550 8C under both pyrolytic and oxidative (5% oxygen in
helium) atmospheres. In some runs, temperatures of up to
750 8C were used. The chemical composition of the char
was characterized by Fourier transform infrared spec-
troscopy (FTIR), cross-polarization magic angle spinning
13C nuclear magnetic resonance spectroscopy (CPMAS 13C
NMR), and energy-dispersive X-ray spectroscopy (EDS).
The surface area of the char was measured by Brunauer–
Emmett–Teller method (BET) and surface morphology
obtained by scanning electron microscopy (SEM).
Fig. 1. A proposed structure of beech lignin.
R.K. Sharma et al. / Fuel 83 (2004) 1469–14821470
a) 
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Interests in studying the formation of PAH from solid fuels is partially motivated 
due to the inherent carcinogenecity and mutagenecity associated with exposure to solid 
fuel emissions. Exposures to certain types of PAH, from different combustion sources, 
produce adducts that can increase the risk of developing cancer.
35,36
 According to the 
U.S. Environmental Protection Agency (EPA), PAH accounts for the 600 out of the 1,408 
compounds classified as carcinogenic. This provides the interest in understanding the 
PAH formation from different fuel sources where the highest impact comes from 
utilization of solid fuels. 
In addition to the risk posed by the carcinogenecity and tumorogenecity, PAH can 
also contribute in the formation of another pollutant, soot. Soot formation occurs inside 
combustion systems and is the product of successive reactions involving PAH and lighter 
aliphatic building blocks. As the PAH grows from the successive reactions, nucleation 
can occur as 2000 amu-sized molecules coalesce to produce 50-nm particulates. The 
formation of soot particulates is prevalent in traditional combustion systems and is a 
cause for concern since soot inhalation is among the leading cause of respiratory 
illnesses.
37
  
Several studies have been performed to investigate mechanisms of PAH 
formation, especially the mechanisms relevant to the combustion of solid fuels.
38,39
 In 
various cases, the organic species are the only components considered in order to isolate 
the organic components’ effects and minimize complications from mass and thermal 
diffusion, and to eliminate the complexities of heterogeneous interactions. Solid fuels, 
however, can be affected by inorganic species that are either an integral component or 
introduced intentionally to improve specific aspects of the solid fuel.
40,41
 Solid fuels 
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typically contain low concentration of inorganic components but, in certain cases, these 
effects can have significant impacts on product formation as a result of heterogeneous 
catalysis. 
42
 
 The inorganic components of a solid fuel vary significantly based on the types 
and origin of the solid fuel. Quantification and classification of these components are 
usually obtained from ash analysis!an analytical technique that uses high temperature to 
isolate the inorganic components by converting into their most stable oxide forms.
40
 Ash 
analysis of typical solid fuels from different kinds of coal and types of wood are shown in 
Table 1.1. The table clearly shows the variations in the inorganic components between 
different types of solid fuels that ranges from coal to wood. Wood, for example, contains 
more calcium oxide than coal, which has significantly higher levels of iron oxide. Among 
the inorganic species, silica and calcium are normally the most abundant.  
Table 1.1 Inorganic components from the ash analysis of coal, softwood, and 
hardwood.
40
 
 
 
 
Coal 
(Dakota lignite) 
softwood hardwood 
CaO 22 57 77 
K2O 0 4.1 7.2 
Na2O 5 3.1 3.9 
MgO 6.4 5.5 1.9 
SiO2 20 16 1.5 
Fe2O3 10 5 0.6 
Al2O3 9.1 6.3 0.5 
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 Recognizing the importance of various inorganic components, one of the 
objectives of this study is to investigate the effects of the inorganic species on the thermal 
decomposition of solid fuels.  Two inorganic components are selected!calcium 
carbonate and iron oxide. Previous studies on these inorganic species have demonstrated 
heterogeneous catalysis that affects combustion and has the potential to produce similar 
effects on solid fuels. Calcium carbonate, for example, is usually found in large quantities 
that its concentration alone can have significant impacts on the combustion of the solid 
fuel. One of the useful benefits of adding calcium carbonate is the reduction of sulfur 
emissions. Calcium carbonate eliminates up to 95% of the sulfur produced during the 
combustion of solid fuels as the different sulfide components strongly bind to calcium.
43
 
In addition, calcium carbonate also increases the rate of fuel conversion and the 
efficiency of solid fuel combustion. 
42
 These properties motivated several studies that 
investigate the feasibility of adding calcium carbonate during the combustion and in the 
utilization of coal.
43-45
 
 Aside from calcium carbonate, another inorganic species considered for 
possessing high catalytic activities is iron oxide, specifically its most active form, 
hematite ( "–Fe2O3).
46
 Like other transition metals, iron oxide contains a highly 
electrophilic active site with the propensity towards electrons, specifically the !-electrons 
of aromatic compounds and other species. CO for instance, oxidizes at a significantly 
enhanced rate when iron oxide is present. This property makes iron oxide a valuable 
catalyst for minimizing CO emissions in processes that include direct coal liquefaction 
and solid fuel combustion.
47
 The relevance of iron oxide, and in general transition metal 
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oxides, to solid fuel combustion motivates several studies on the pyrolysis and 
combustion of solid fuels in the presence of iron oxide.
46,48
 For a detailed approach on 
investigating heterogeneous catalysis, model compounds can also be used. For solid 
fuels, a suitable model compound is catechol. The presence of iron oxide on the partial 
oxidation of catechol has shown to result in higher conversion and the formation of 
several oxygenated aromatic species.
49
   
 To complement the results of previous catechol and iron oxide studies, further 
experiments are performed with a more detailed approach on the kinetics of catechol 
decomposition and gas-solid interactions. Through product identification and 
quantification, catechol pyrolysis and partial oxidation can be elucidated taking 
advantage of our facility’s capability in analyzing most catechol oxidation and pyrolysis 
products.
50
 In addition to iron oxide, the study also investigates the effects of calcium 
carbonate on catechol reactions. Investigating the effects of calcium carbonate and iron 
oxide, on catechol, provides a more detailed perspective on the utilization of solid fuels 
that incorporates not only the organic reactions, but also the catalytic effects of gas-solid 
interactions.  
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Chapter 2 
Materials and Methods 
 
2.1 Materials 
 
2.1.1 Reactor and Vaporizer 
 
Catechol pyrolysis is performed in a flow reactor system that consists of three 
parts; a vaporizer that sublimes the solid fuel, an isothermal reactor that controls the 
reaction temperature conditions, and a sampling system that collects the resulting reaction 
products. The vaporizer, a Fisher Isotemp Oven, contains a Pyrex tube of !” diameter 
and 3” length. Temperature inside the vaporizer is maintained at 85 
o
C to partially 
sublime the catechol that is packed inside the Pyrex tube. A 1.5 SLPM Alicat MC Model 
mass flow controller regulates the flow of the ultra-high purity carrier gas that conveys 
the sublimed fuel across heated tubings and into the isothermal reactor. 
The isothermal reactor is a Lindberg BlueM 1200C furnace that is vertically 
oriented with three independently controlled heating zones with a heated length of 60.96 
cm. The solid investigated for catalytic effects is packed between quartz wool mesh and 
placed 7.62 cm. from the end of the reactor. The quartz wool used contains 4-8 micron 
fused silica fibers and in the experiments, 2.54 cm. layers are placed above and below the 
bed of a 25 mg. inorganic solid. In control experiments, the same amount of quartz wool 
is used without any inorganic solid placed in between the two quartz wool layers. 
A collection system attached on the outlet side of this reactor quenches the exit 
gas to room temperature and collects the reaction products. For each experimental 
condition, one of two sampling system is utilized, each optimized for the collection of 
either the vapor phase components or the condensed phase samples. In gas-phase 
sampling, gas is first filtered using a 10-micron Balston filter and collected in a 5-L 
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Teflon bag specially made for gas sampling. Sampling of the condensed-phase species, 
on the other hand, uses the similar filter before bubbling the gas on a solvent trap system 
of dichloromethane (DCM). After each condensed-phase experiments, the tubings, 
connectors, and Balston filter are quantitatively rinsed in DCM and then placed in a 
sonicator for complete dissolution of DCM-soluble species. The resulting DCM solution 
are then consolidated with the DCM in the bubble trap and then processed for subsequent 
analyses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Reactor system comprising of a vaporizer, an isothermal flow reactor, and 
a product collection system. 
quartz  
wool 
inorganic 
solid 
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2.2 Analytical Instruments 
Several instruments are used to identify and quantify the different species 
produced inside the reactor. The gas phase samples that were collected in the PTFE 
sampling bag are analyzed in an Agilent 6890N gas chromatograph with flame ionization 
detection (GC-FID) on a 30 m. L x 0.32 mm ID GS Gas Pro column. Matching the 
retention time with the hydrocarbon reference standards identifies the gas phase 
components. Also measured are the CO and CO2 levels, which require infrared analysis 
using HORIBA VIA 510 non-dispersive infrared analyzers (NDIR). 
For the condensed phase species, an Agilent 6890 GC-FID coupled to a 5973N 
mass spectrometer (MS) analyzes the lighter condensed phase components such as 
styrene, phenol and PAH with less than three aromatic rings. A 30 m L x 0.25 mm ID 
HP-5 column provides the necessary separation for mass spectrometric and flame 
ionization detection. Heavier species, such as aromatic hydrocarbons with more than 3 
aromatic rings, are identified and quantified in an HP 1050 high performance liquid 
chromatography with ultraviolet-visible diode array detector (HPLC-UV/Vis DAD). A 
solvent gradient program of 60:40 water/acetonitrile, acetonitrile and dichloromethane 
mobile phases is used with a 250 mm L x 4.6 mm ID Pinnacle II-PAH column. The 
detected peaks are identified by matching the unique UV spectra of the PAH with those 
from the reference standards and the UV spectra library.  
In the processing of the condensed-phase species for analysis, the consolidated 
solution from the solvent trap system is transferred first to a Kuderna-Danish apparatus. 
The Kuderna- Danish evaporates the volatile DCM solvent to produce a solution with 
higher concentrations of the DCM-soluble species. DCM was removed until the total 
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volume is 10 mL. A 1-mL fraction is then collected and set aside for GC-MS/FID 
analysis, and the rest allocated for the analysis on an HPLC. The sample set-aside for 
HPLC analysis is first transferred to a nitrogen purge system, where the sample is placed 
4-mL at a time into a 1-ml vial containing 0.100 mL dimethylsulfoxide. Complete 
elimination of the more volatile DCM results in a DCM-free solution that is compatible 
with the HPLC’s mobile phase. 
2.3. Methods 
2.3.1 Vaporizer Testing 
The vaporizer, which is the part of the reactor system that generates the fuel, is 
first tested to assure for its reliability in delivering a constant concentration of catechol 
and to determine the effects of changing the carrier gas flowrate. Measuring the amount 
of catechol vapor generated inside the vaporizer requires attaching a collection system on 
the outlet end of the vaporizer. This collection system uses a DCM solvent trap system 
that condenses and dissolves catechol from the vapor produced inside the vaporizer. 
Catechol concentration is measured in a GC-FID after diluting the collected sample until 
a 130-mL DCM solution is produced. The same GC-FID method used in analyzing the 
condensed-phase samples is also used in analyzing the catechol concentration. In testing 
the effects of flowrate, catechol concentration at 75, 100, 300, 500, 700, and 900 mL/min 
were monitored. The resulting catechol measurements are reported in terms of the 
percentage of catechol carbon in the carrier gas or %C. 
2.3.2 Calculating Reactor Design Parameters 
The quartz tube diameter and the amount of inorganic solid are the two 
parameters that were considered and calculated in designing the reactor. These 
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parameters were calculated based on first order assumptions and experimental rate 
constants from the catechol studies of Shin, and co-workers. Since studying the 
heterogeneous effects of an inorganic solid requires moderate range of conversion, the 
parameters that yields minimal but detectable conversion at the lowest temperature 
investigated (300 °C) were adopted into the reactor. In addition to conversion, selection 
of the tube diameter also required considering the insertion of quartz wool and the 
inorganic solids. Since the only support for the inorganic solid is a mesh of quartz wool, 
the velocity of incoming gas must be maintained below the velocity of fluidization of the 
inorganic solid, which from preliminary tests is approximately 6.4cm/ sec.  
2.3.3 Testing the Furnace 
After constructing the quartz flow-reactor, the temperature profile inside the 
reactor tube was obtained to ensure the isothermal behavior of the reactor and to 
determine the actual reactor length. Obtaining a temperature profile requires recording 
the temperature measurements at regular intervals inside the quartz tube. Through the 
assistance of a 1-meter type K thermocouple probe, the temperature profiles of 200, 300, 
400, 500, and 600 
o
C were obtained. The resulting temperature profile ensures that the 
reactor meets the temperature accuracy and isothermal conditions required in all the 
pyrolysis experiments with this reactor. The resulting profile is, as mentioned, also 
relevant in obtaining the actual reactor length and ensuring accurate and isothermal 
behavior. 
2.3.4 Reactor Experiments 
The reactor, after construction and evaluation, is utilized in subsequent 
experiments to investigate the thermal decomposition of catechol and the effects of 
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inorganic solids. Two different approaches are used with this reactor to perform these 
experiments and elucidate catechol reaction kinetics and heterogeneous catalysis. One of 
these approaches is to investigate the effects of temperature on product yields; and 
another is to investigate the effects of residence time. In order to investigate the effects of 
temperature, the residence time is kept constant by compensating changes in temperature 
with the carrier gas flowrate. In the other approach, the temperature is held constant and 
experiments are performed at different carrier gas flowrate to represent each residence 
time. 
In every experiment, efforts were taken to guarantee constant feed concentration 
in all the experimental conditions. This requires, before and after every experiment, 
obtaining the %C of catechol using the method that was described earlier for measuring 
the catechol feed rate. After measuring the feed rate, the vaporizer is reattached to the 
feed end of the reactor while a product collection system is attached on its other end. The 
collection system can be one of the two types, depending on whether vapor-phase or 
condensed-phase is analyzed. To detect a complete range of reaction products, two sets of 
experiments were performed for every experimental condition investigated. One 
experiment is performed for analyzing gas-phase species and another!a 
duplicate!performed to analyze the condensed-phase. 
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Chapter 3  
Reactor Design and Performance Evaluation 
 
3.1 Introduction 
 The reactor system, which was designed to investigate the effects of solids on 
catechol decomposition, is similar to the flow reactor described in previous catechol 
pyrolysis studies
1-3
. As the previous chapter explains, it consists of three components; a 
vaporizer, an isothermal flow reactor, and a product collection system. The vaporizer is a 
Fisher Isotemp oven that is held at 85 
o
C to partially sublime the catechol packed inside a 
Pyrex tube. Carrier gas, normally pure UHP nitrogen, transports the vaporized catechol 
through heated tubings and into an isothermal quartz tube reactor. The reactor is a quartz 
tube placed inside a Lindberg BlueM furnace. The reactor also holds a quartz wool mesh 
placed near the reactor exit and serves as the support for the 30-micron calcium carbonate 
particles and the nanoparticle iron oxide. The inorganic solids are inserted near the end of 
the reactor to minimize the complications from secondary reactions. Attached at the 
outlet of the reactor is a product collection system, which is optimized for the collection 
of either the condensed-phase products or the gas phase components. 
 In performing catechol studies, the reactor system performance is evaluated first, 
in order to assess the limitations and capabilities of the different components of the 
reactor system. Two potential problems related to the reactor system are addressed in 
these tests. These are feed rate variations and the temperature profile of the entire reactor. 
Variations in the feed rate, caused by any deviations in the vaporizer conditions, can lead 
to fluctuations in the feed concentration of catechol during an experiment. A constant 
catechol concentration is essential in every experiment since fluctuation undermines 
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steady state assumptions and because non-zero order reactions are concentration 
dependent. Tests are therefore necessary to guarantee that feed concentration is constant 
and does not complicate the assumptions made in the experiments.  
 Another reactor system assumption is an isothermal condition that is accurately 
kept along the reactor length to within a reasonable proximity of a controller set point. In 
order to validate if the reactor is isothermal, temperature measurements are taken along 
the 24 inches of heated reactor length. These measurements are used in producing a 
temperature profile that, not only verifies isothermal conditions, but also determines the 
actual reactor length.  
3.2 Results and Discussion 
 
In order to evaluate performance of the catechol vaporizer, the amount of catechol 
vapor generated is monitored continuously over 120 minutes. The results are shown as a 
curve in Figure 3.1, which describes how the catechol concentration!sampled at 15-
minute intervals!varies throughout a 120-min run. Based on this figure, catechol 
generated in the vaporizer has an almost constant concentration profile except for the 
sample collected during the first 15 minutes of monitoring. During this first few minutes 
or the startup condition, the vaporizer is most likely to have accumulated catechol in the 
inner tubing in the idle time prior to preheating and operation. The catechol accumulated 
in the linings increases the standard deviation to 10% of the average %C value, compared 
to the lower 5.2% obtained when the initial concentration is excluded from the statistical 
calculation. The concentration profile of Figure 3.1 suggests that startup conditions must 
be avoided, most practically by operating the vaporizer continuously until the catechol 
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concentration obtained becomes constant. The figure also confirms that after the startup 
condition, catechol produced by the vaporizer remains stable and constant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition to assessing the fluctuations in concentration during a continuous 
operation, the effects of changing the carrier gas flowrate is also evaluated. The result of 
this test identifies whether or not the velocity of the carrier gas affects the amount of 
catechol sublimed inside the vaporizer. Any dependence on velocity indicates that bulk 
flow has an effect on the catechol concentration rather than a concentration gradient-
dependent sublimation. Based on the result of Figure 3.2, catechol concentration does not 
Average: 0.189 
Standard Deviation:0.0189 
(10% of average) 
Figure 3.1 Catechol vapor generated from a continuous vaporizer 
operation at 100 mL/min and oven temperature of 85 °C. 
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significantly vary with the flowrate and is therefore not velocity-dependent. This 
behavior implies that the vaporizer is thermodynamically driven and the sublimation 
controlled by temperature and concentration gradient. Therefore, in experiments where 
velocity is varied to adjust the residence time of reactions, the catechol 
concentration!based on the figure!remains relatively constant. This behavior is useful 
in performing kinetic analysis since constant catechol concentration minimized the 
complications from the concentration dependence of the rates of reactions. 
  
 
Another important assumption of the reactor system that has to be evaluated 
before considering any experiment is the flow reactor’s temperature profile. Obtaining 
the temperature profile requires temperature measurements along the entire length of the 
reactor. In Figure 3.3, the temperature profile show isothermal conditions in 45.72 cm out 
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Figure 3.2 The effect of carrier gas flowrate on the amount of 
catechol vapor generated in the vaporizer. 
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of the 60.96 cm of heated length. Beyond the isothermal region, temperature drops 
significantly that 45.72 cm of the reactor can be considered as the effective length. 
In addition to the isothermality, feed concentration, and feed flowrate, there are 
also other parameters that must be considered in design and operation of the reactor 
system. One of these parameters is the tube diameter, a parameter that can affect different 
aspects of the reactor including residence time and pressure drop. Calculating the tube 
diameter requires utilizing the kinetic parameters from similar catechol experiments. The 
results from the experiments of Shin, et al.
4
 provide the useful values of these kinetic 
parameters, specifically the Arrhenius parameters that are listed in Table 3.1. 
 
 
 
One of the requirements for the reactor diameter is a catechol conversion that is 
minimal but still detectable at the lowest of the reaction temperatures where the inorganic 
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Figure 3.3 Temperature profile inside the quartz tube flow reactor using different 
setpoint values. 
 26 
solid enhances catechol conversion rates. The reaction temperature has been determined 
in the works of Shin, et al.
4
 as 300 °C for catechol under partially oxidative conditions in 
the presence of iron oxide. Maintaining the conversion low at 300 °C, the lowest 
temperature where catechol decomposition has been observed, is necessary in order to 
investigate the direct effects of the inorganic solid on catechol without the complications 
introduced by secondary reactions. To determine the reactor diameter that gives this 
desired catechol conversion, calculation were performed to obtain the catechol 
conversion profile inside a bed of inorganic solid. The kinetic parameters provided in 
Table 3.1 were utilized in the calculations and the results are shown in the profiles that 
show the concentration inside a 2-cm nanoparticle iron oxide bed. Conversion profiles 
were obtained for reactors that are 1 cm, 2 cm, and 3 cm in diameter. The diameter that 
gives detectable but incomplete catechol conversion is selected since this represents 
reactions produced almost exclusively from the interactions between catechol and the 
inorganic solid. 
 
Table 3.1 Arrhenius parameters from the partial oxidation of catechol in the presence of 
quartz wool and iron oxide.
4
 
 
 Ea (kcal/mol) A (s
-1
) 
Quartz Wool 30.2 3.3 x 10
10
 
Iron Oxide 15.5 3.6 x 10
7 
 
 
To obtain the conversion profile, the rate expression and stoichiometric equations 
of a flow reactor are utilized in the calculations. The stoichiometric equations are 
summarized in the rate equations provided below, which describes the first order reaction 
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rate (rA) as a function of the kinetic rate constant (k) and concentration (CA). Since 
reactions occur in the gas phase, the concentration is redefined as a function of 
conversion (X), pressure (P), temperature (T) and the parameter for molecularity ("). 
      
                              
Upon combining these equations and knowing that the rate (rA) can be described 
in terms of initial feed rate (FAO), conversion (X), and amount of the inorganic solid (W); 
the conversion gradient can be derived as a function of bulk density (#B), cross sectional 
area (AC), bed length (L), conversion (X), and pressure (P).  
   
,  
 
 In addition to the concentration gradient, pressure also varies along the length of 
the reactor. The pressure gradient inside the iron oxide bed depends primarily on the total 
feed mass flowrate (FT), pressure (P), temperature (T) and the Ergun equation constant 
($). 
 
 
  
Assuming isothermal and very dilute reactants, the pressure and temperature terms can be 
combined resulting in the following simplified expression. 
 
! 
"r
A
= kC
A
! 
"r
A
= F
AO
dX
dW
! 
W = "
B
A
C
L
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The conversion profile for reactors of different diameters can be obtained by 
simultaneously solving the differential equations using MATLAB. These profiles are 
shown in Figure 3.4. Based on the conversion profile given in Figure 3.4, the reactor with 
a diameter of 1 cm. gives partially converted catechol at the end of the 2-cm. iron oxide 
bed. Although eliminating secondary reactions is almost impossible under the high 
residence time of most flow reactors, the presence of unreacted components indicates that 
a significant portion of the products are still the primary reaction products. This allows 
the examination of the effects of the inorganic solid on the partial oxidation of catechol, 
Figure 3.4 Conversion profile of catechol in a bed of iron oxide on 
reactor with a) 1-cm b) 2-cm c) 3-cm diameter at 300
o
C. 
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and how the inorganic solid affects the primary decomposition products.  Smaller 
diameter tubings can also yield partially converted catechol. However, as the trend 
shows, this results in lower catechol conversion that some primary reaction products may 
remain undetected. Thus, for investigating the primary reaction pathways of catechol, a 
1-cm diameter tube is adequate. 
Another important factor to consider inside the flow reactor is the residence time 
distribution profile. The residence time distribution (RTD) describes the probability of 
any flowing gas to pass through at a specific amount of time. This helps visualize and 
characterize the flow of carrier gas inside the reactor. An RTD that is a sharp Gaussian 
curve that peaks at the median is an ideal reactor system. Sharp RTD indicates that the 
residence time of most molecules entering the reactor are of low standard deviation from 
the mean. This validates the assumption that all species produced in the reactor are results 
of reactions of the specified residence time.  
To calculate the RTD, the probability must first be calculated using parameters 
that include Reynolds number and the Peclet number. These dimensionless numbers 
describes the transport properties of the carrier gas. Peclet number for instance, describes 
the rate of advection to the rate of diffusion while the Reynolds number describes the rate 
of inertial forces to viscous forces. The Reynolds number can also characterize whether 
the flow is laminar or turbulent. In the reactor system, the flowrates used in the 
experiments have Reynolds number of approximately 11.2, which implies that the flow is 
within the laminar region. Calculating the residence time distribution, however, results in 
a very sharp peak that resembles the profile of a plug flow reactors (Figure 3.5). This can 
be explained by the large L/D ratio that results in a high Bodenstein number, which 
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indicates diminished contribution from axial dispersion.
5
 The sharp peak shown in the 
figure assures minimal complications from unexpected reactions due to axial difference 
in temperature and residence time.   
1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3 Summary 
 
 A reactor system for investigating the effects of inorganic solids on catechol 
reactions was designed and evaluated before any experiments can be performed. One of 
the parts of the reactor system is the vaporizer, which controls the feed that enters the 
flow reactor. The results show catechol concentration generated inside the vaporizer is 
constant in both continuous 120 min operation and from 70 to 750 mL/min of carrier gas 
flowrate. Another part evaluated is the reactor’s temperature profile. The result clearly 
shows isothermal profile along 45.72 cm of the reactor’s length.  
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Figure 3.5 Residence time distribution inside a 1-cm diameter flow 
reactor plotted in normalized residence time (%).  
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 Calculations were also performed to determine a suitable diameter of the reactor 
tube. Using previous kinetic parameters, a 1 cm diameter reactor provides the appropriate 
conversion for iron oxide studies and will be the reactor diameter considered for all 
succeeding experiments. From the actual reactor length and selected reactor diameter, the 
residence time distribution was obtained. The residence time distribution shows a sharp 
peak at the median residence time that is similar to the behavior observed in plug flow 
reactors. This profile and is the suitable behavior that validates the assumption of 
minimal effects from coaxial thermal and mass diffusion for succeeding experiments. 
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Chapter 4 
Pyrolysis at Different Residence Times 
 
4.1 Introduction 
 The yield/residence time profile of a compound during thermal decomposition 
provides valuable information on the mechanisms of the decomposition and product 
formation. Products prevalent at low residence times are most likely formed during the 
early stages of decomposition; Products formed at higher residence times are usually 
secondary and tertiary products.
1
 In order to perform residence time studies, several 
reactors have been used, including shock-tube reactors and flow reactors. In shock-tube 
reactors, experiments are performed at the microsecond time scale that allows the 
primary reactions to be investigated with minor complications from any secondary 
reactions.
2-5
 Flow reactors, on the other hand, are performed at higher residence times due 
to the limitations posed by flowrate and gas velocity. Despite the long residence times, 
the kinetics of the fuel thermal decomposition can still be investigated, but this requires 
limiting the effects from fluid dynamics.
1
 To minimize the effects from fluid dynamics, 
the reactor must be a well-mixed, quasi-steady, adiabatic reactor with very dilute 
reactants.  
In this study, the experiments are performed under very dilute concentrations and 
other assumptions are validated through calculations performed during the evaluation and 
design of the reactor. Details of these assumptions are discussed in the previous chapter.  
In order to elucidate catechol conversion and formation of primary and secondary 
reaction products, this chapter focuses on the effects of changing the residence time on 
yields and distribution profiles. In addition, the results are subjected to comparisons with 
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previous catechol and phenol studies to confirm and validate our proposed reaction 
pathways.
6-8
  
4.2 Results and Discussion 
4.2.1 Catechol Conversion 
 Figure 4.1 shows the conversion/residence time profile of catechol during thermal 
conversion at 600 
o
C. The data, which are shown as points in the graph, gives an 
exponential profile that is consistent for a first order reaction. Using this assumption, the 
reaction rate constant can be calculated (k=0.0947 s
-1
) and the resulting profile based on 
this rate constant plotted in Figure 4.1. The figure shows a good fit between the 
experimental data points and the theoretical curve, which supports the first order 
assumption suggested in previous catechol studies.
9,10
 
 
  
 
 
 
 
 
 
 
 
 
OH
OH
Figure 4.1 Conversion/residence time profile of catechol at 600 
o
C 
from experimental values (points) and first order approximation 
(curve). 
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Several reactions—based on phenol and catechol studies—are suggested to 
contribute in the first order decomposition of catechol.  In one of these routes, catechol 
undergoes H scission of one of the phenolic O-H bond that results in the formation of H 
atoms and hydroxy-substituted phenoxy radicals.
6
 In catechol studies, these radicals are 
known for their roles as intermediates in the formation of other species, including the 
light hydrocarbon gases and the large aromatic hydrocarbons.  
 
 
 
 
The H atoms produced in the initiation reaction is highly reactive and is proposed 
to displace an OH phenolic group from phenol and polyphenols.
11
 During the initial 
stages of decomposition, catechol conversion is low that it remains as the most abundant 
reactant species. Because of its abundance, the most significant reaction for H atoms is 
most likely with catechol. As a phenolic compound, catechol undergoes H addition that 
results in O-H displacement to produce phenol. Phenol formation, in turn, can potentially 
become a major route in the formation of other species since phenol pyrolysis and 
combustion studies have shown the formation of several aromatic species, particularly 
benzene, cyclopentadiene, and the PAH.
12
 Since phenol formation is a major route in 
catechol decomposition, it is most likely an intermediate of the various aromatic species 
observed during catechol pyrolysis.   
 
 
(4.1) 
OH
OH
OH
O
+   H 
OH
OH
OH
+    H +    OH 
(4.2) 
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Another potential catechol decomposition route—also suggested in phenol 
studies—involves intramolecular rearrangement. This mechanism is confirmed from the 
works of Cyprés and Bettens (1973) who found evidence of keto-enol tautomerism 
during phenol pyrolysis.
13
 Thermodynamic studies also support this mechanism, 
especially at temperatures above 1000 
o
C.
14,15
 In catechol, keto-enol tautomerism is 
suggested to decompose catechol to produce an oxygenated keto-form intermediate.
8
 
 
 
 
 
4.2.2 cis-Cinnamaldehyde, trans-Cinnamaldehyde and 1-Indanone 
 Figure 4.2 shows the yield/residence time profiles of the major oxygenated 
products such as cis-cinnamaldehyde, trans-cinnamaldehyde, and 1-indanone. Among 
these species, cis-cinnamaldehyde yield is the highest and is the most abundant catechol 
pyrolysis product after CO at the lower residence times. At 0.82 seconds when there are 
no products!other than phenol and CO!are produced, 1.49% of the mass of fed 
catechol converts into cis-cinnamaldehyde. Since a large portion of catechol at lower 
residence converts into cis-cinnamaldehyde, cis-cinnamaldehyde is most likely a primary 
product with the potential role of precursor to its isomers!trans-cinnamaldehyde and 1-
indanone. 
The other products, trans-cinnamaldehyde and 1-indanone, require 2.45 seconds 
inside the reactor before sufficient quantities, 0.13 and 0.34%, respectively, are produced 
for GC-FID detection. The presence of these compounds at higher residence times 
(4.3) 
OH
OH
O
OH
O
O
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indicate that trans-cinnamaldehyde and 1-indanone are at least secondary products of 
catechol and not the result of a direct reaction route. The most likely source of trans-
cinnamaldehyde and 1-indanone are most likely their cis-cinnamaldehyde isomer. The 
transformation to trans-cinnamaldehyde and 1-indanone are likely the result of cis-trans 
isomerism and cyclization, respectively. Although oxygenated aromatics are significant 
reaction products especially during biomass pyrolysis, detailed formation mechanisms 
remain insufficient. Due to the lack of detailed studies, only an overall reaction (Reaction 
4.4) can be proposed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
O
O
O
(4.4) 
-3CO 
-4H 
+ 
Figure 4.2 Yield/residence time profiles of cis-cinnamaldehyde (  ), 
trans-cinnamaldehyde (  ) and 1-indanone (  ). 
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4.2.3 Phenol, Benzene, and Cyclopentadiene 
 Figure 4.3 shows the yield/residence time profiles of phenol as the residence time 
is increased, from 0.82 seconds to 7.36 seconds. Phenol formation has been explained in 
previous catechol studies where it is suggested to result from the displacement of 
catechol’s phenolic group (OH) (reaction 4.2) by H atoms.
6
 The figure also shows the 
yield/residence time profiles of benzene and cyclopentadiene. At 600 
o
C, both benzene 
and cyclopentadiene yields increase continuously with residence time from 0% at 0.82 
seconds to 0.31% for benzene and 0.21% for cyclopentadiene at 7.36 seconds. Both 
benzene and cyclopentadiene trends have linear residence time profiles. This similarity 
supports proposed reaction routes where both species are produced in related pathways. 
Species produced from a common intermediate through similar pathways, usually display 
similar yield profiles. The figure also shows that since phenol concentration is high 
(1.25% at 7.36 seconds) and because it is known that phenol pyrolysis produces benzene 
and cyclopentadiene phenol is known to produce benzene
15
 and cyclopentadiene,
12,15,16
 it 
is most likely an important!but not the exclusive!intermediate in the formation of 
benzene and cyclopentadiene. 
The formation of benzene and cyclopentadiene from phenol were suggested in 
several mechanisms, which include H atom substitution and phenoxy radical formation. 
Benzene formation results from the substitution of a phenolic OH by H atoms (Reaction 
4.6); while cyclopentadiene forms when phenoxy radicals in reaction 4.7 undergoes CO 
elimination (reaction 4.8).
12,16
 The formation of benzene and cyclopentadiene, in turn, is 
significant in pyrolysis studies since both species have been demonstrated for their roles 
in the formation of naphthalene and larger polycyclic aromatic hydrocarbons.
16-20
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OH
+ CO (4.5) 
O
+  H (4.7) 
OH
OH
+ OH 
+  H (4.6) 
O
+  CO (4.8) 
Figure 4.3 Yield/residence time profiles of phenol (  ), benzene (  ), and 
cyclopentadiene (  ) from the pyrolysis of catechol at 600 
o
C. 
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-CO                   (4.9) +  HO2 
+   OH  
- CO 
            (4.10)   
4.2.4 1,3-Butadiene and Vinylacetylene 
 Figure 4.4 shows the yield/residence time profiles of the C4 products, namely 1,3-
butadiene and vinylacetylene. The C4 products are the highest yield among the 
hydrocarbon species produced during catechol pyrolysis. At 600 
o
C and 7.36 seconds, 
1,3-butadiene yield is 1.35% of the catechol fed, which is higher than phenol’s yield of 
1.25%. Phenol, through secondary reactions, is a product that was suggested to 
significantly contribute in the formation of various other catechol pyrolysis species, 
including light aliphatic and aromatic species.
6
 The C4 species, however, are not among 
the species produced through phenol since there were no detectable quantities observed 
during phenol pyrolysis.
21
 The formation of C4 species are therefore most likely to 
involve different pathways that are not dependent on phenol pyrolysis pathways.
12
  
  
 
 
  
A potential C4 formation pathway can be derived from the results of phenol 
oxidation studies,
17,22
 which gave importance to phenoxy, C4, and C5 radicals in the 
formation of the C4 species. Although catechol experiments in this chapter were 
performed under pyrolytic conditions, the additional OH in catechol is most likely to 
produce conditions and pathways that are similar to those observed under phenol 
oxidation. The potential difference is that in phenol oxidation, oxidative radicals are 
required to produce the cyclopentadienonyl intermediate (Reaction 4.9-4.10). . In 
catechol pyrolysis, other reactions can also produce the cyclopentadienonyl intermediate 
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without going through a phenoxy and cyclopentadienonyl intermediate (Reactions 4.11-
4.12).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The lower phenol and cyclopentadiene yields, suggests that the unimolecular 
decomposition of catechol is more relevant towards the formation of cyclopentadienyl 
intermediates of 1,3-butadiene and vinylacetylene. Unimolecular decomposition was 
-  CO 
(4.11) 
(4.12) 
C C C C
C C C C
Figure 4.4 Yield/residence time profiles of 1,3-butadiene (  ) and 
vinylacetylene (  ) from the pyrolysis of catechol at 600 
o
C. 
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suggested in the catechol studies of Ledesma and co-workers (2002).
6
 It involves the 
formation of a hydroxy-substituted phenoxy radical (reaction 4.1) through the H 
elimination of catechol. Compared to phenol, the H-elimination of catechol is more 
favorable as a result of the intermolecular hydrogen bond.
23
 H-elimination produces a 
hydroxy-substituted phenoxy radical, which as an intermediate, undergoes CO 
elimination and produce cyclopentadienol-lyl. Cyclopentadienol-lyl, in turn, undergoes 
1,2-H shifts and produce cyclopentadienonyl, which as an intermediate becomes 
butadienyl after CO elimination. Butadienyl is the C4 radical that produces 1,3-butadiene 
and vinylacetylene after H-addition and H-elimination, respectively. 
4.2.5 Styrene and Phenylacetylene 
Figure 4.5 shows the yield/residence time profiles of styrene and phenylacetylene 
at 600 °C as residence time increases to 7.36 seconds. According to the HACA 
mechanism,
24,25
 styrene and phenylacetylene results from the initial growth of the 
aromatic hydrocarbons, benzene when phenyl, an aromatic radical, undergoes acetylene 
addition. Acetylene addition produces the vinyl-substituted aromatic radical (Reaction 
4.13).  This radical undergoes H addition to produce styrene or H-elimination to yield 
phenylacetylene. Since the initial building block for this reaction involves the simplest 
aromatic radical, phenyl, the formation of styrene and phenylacetylene is considered as a 
potential first step in the growth of PAH. 
 
 
  + (4.13) 
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In the mechanism provided by reaction 4.13, phenyl radical undergoes acetylene 
addition to produce benzene with a vinyl radical substituent. Based on this reaction, an 
increase in the concentration of phenyl and acetylene will favor styrene and 
phenylacetylene formation. The reaction also implies that a significantly higher amount 
of benzene is produced compared to styrene as a result of H addition of the phenyl 
intermediate. The results, however, show styrene yields significantly higher than 
benzene, which indicates the presence of a more dominant styrene formation pathways 
that are not acetylene-dependent. 
  
 
 
 
 
 
 
 
 
 
 
 
An alternative channel of styrene formation is through a C4 intermediate, such as 
through 1,3-butadiene and vinylacetylene. 1,3-Butadiene and vinylacetylene are among 
the major components produced during the pyrolysis of solid fuels and other 
Figure 4.5 Yield/residence time profiles of styrene (  ) and 
phenylacetylene (  ) from catechol pyrolysis at 600 
o
C. 
 43 
hydrocarbons.
26
 In a number of computational studies, 1,3-butadiene and vinylacetylene 
produce styrene through chain radical mechanisms, and through a Diels-Alder type 
mechanism.
27-29
 Diels-Alder is a non-radical cycloaddition mechanism that involves the 
condensation of two species through their conjugated ! bonds. During catechol pyrolysis, 
the abundance of 1,3-butadiene and 1,3-butadiene’s conjugated ! bonds provide the 
favorable condition for the condensation of two C4 molecules into styrene.
30
  
Another similar mechanism for styrene formation from a C4 intermediate is a 
chain radical mechanism involving the butadienyl radical. Butadienyl is the radical 
precursor of the C4 species and its presence can allow a radical mechanism that involves 
addition to another C4 species. This reaction yields styrene and phenylacetylene.
29,31
  
4.2.6 Propene, Propyne and Propadiene 
 Figure 4.6 shows the yield/residence time profiles of propene, propyne, and 
propadiene, the C3 products that can only be observed in trace amounts at higher 
residence times. Like the light hydrocarbon gases, C3 species are most likely produced 
from the secondary reactions of major catechol products including 1,3-butadiene and 
cyclopentadiene (Reactions 4.14-15).
2,18,32
 The figure clearly shows the relationship 
between residence time and the formation of C3 species. The profiles indicate a 
preference for forming propyne, which at 7.36 seconds is 0.069% of the fed catechol 
compared to 0.045% and 0.016% for propene and propadiene, respectively. This trend is 
consistent for a mechanism that produces propargyl radicals first before undergoing 1,2-
H shifts and H eliminations. Since H addition of propargyl directly forms propyne, its 
formation is preferred over propene and propadiene; propene and propadiene formation 
requires additional steps of H addition and 1,2-H shifts, respectively.
2,18,32
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4.2.7 Methane, Ethylene and Acetylene 
 The effects of residence time at 600 
o
C on the lowest molecular weight 
hydrocarbons are shown in the yield/residence time profiles of Figure 4.7. In pyrolysis, 
the formation of these products indicates the presence of bond scissions that results from 
the thermal decomposition of other species.
2,22,32,33
 Resemblance between the 
yield/residence time profiles of methane, ethylene, and acetylene are presumably due to 
the similarity in the formation of these species since these can only be produced from 
carbon-carbon bond scission. Among the three species, however, acetylene yields at 
C C C
C C C
C C C
C C + HC C C
C C C C HC C C+CH4 (4.15) 
(4.14) 
Figure 4.6  Yield/residence  time  profiles  of  propene  (  ), 
propyne (  ) and propadiene (  ) from catechol pyrolysis at 600 
o
C. 
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0.32% of catechol in the 7.36 seconds of residence time is significantly higher than the 
0.12% for ethylene and 0.05% for methane. The higher selectivity of decomposition of 
the species towards acetylene formation is most likely the cause of this observation. 
 An acetylene formation pathway that have been described in the cyclopentadiene 
studies of Wang and Brezinsky (1998),
22
 describe acetylene formation as dependent on 
an oxygenated cyclopentadiene derivative, cyclopentadienone (Reaction 4.17).
6
 In 
catechol, cyclopentadienone is most likely the product of the H abstraction of 
cyclopentadienol-lyl radical—the intermediate produced during the catechol’s initiation 
reaction. (Reaction 4.12) Under certain temperature conditions, Wang and Brezinsky 
observed the formation of acetylene in which their study proposed is the result of the 
abstraction of CO from cyclopentadienone. 
 
  
 
 
 
 
Aside from cyclopentadiene derivatives, a more significant portion of acetylene is 
most likely produced from the most abundant hydrocarbon species, 1,3-butadiene. 1,3-
Butadiene is known to produce C1-C3 products in shock-tube reactors, which from 
computational and modeling studies, requires internal H rearrangements followed by 
bond scissions to produce ethylene and acetylene (Reaction 4.18).
2,27,34
 The 
decomposition of 1,3-butadiene can also produce other hydrocarbon species depending 
OH O
+ H
O
CO + C C2
(4.16) 
(4.17) 
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on where scission occurs. In this system, 1,3-butadiene concentration alone serves as an 
indication that it is most likely a major source or intermediate for the C1-C3 species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.8 Naphthalene, Acenaphthene and Acenaphthylene  
Figure 4.8 shows the yield/residence time profiles of the products that can be 
produced from naphthyl radicals, which includes naphthalene, acenaphthene, and 
acenaphthylene. Based on the HACA mechanism, naphthyl radicals are produced from 
the C2 addition of a vinyl-substituted benzene radical (Reactions 4.19, 4.20).
25,35-37
 
C C
C C
(4.18) 
CH4 
Figure 4.7 Yield/residence time profiles of methane (  ), ethylene (  ), and 
acetylene (  ) from catechol pyrolysis at 600 
o
C. 
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Naphthyl radicals can either stabilize via H atom addition to produce naphthalene. The 
radicals can also undergo another C2 addition, followed by cyclization to produce 
acenaphthylene and acenaphthene. From the figure, the lower rates of increase in the 
naphthalene yields, which coincide with the increase in both acenaphthylene and 
acenaphthene yields, are consistent for mechanisms where acenaphthylene and 
acenaphthene formation are dependent on naphthalene concentration.  It is most likely 
that naphthalene or naphthyl radical intermediates are consumed in the formation of 
acenaphthylene and acenaphthene (reaction 4.20). 
   
 
 
 
 
 
 
 
Besides the HACA mechanism, other formation channels have been proposed to 
contribute in naphthalene formation. Methane, ethylene, and ethane, for example, 
produce significant amounts of naphthalene during flame studies!higher than the yields 
suggested in calculations that assume HACA mechanisms.
38,39
 Based on these 
computational studies, acetylene alone accounted for the high naphthalene yields. Instead 
of a single acetylene-based pathway, naphthalene can be produced from different 
intermediates through multiple formation channels. One such channel involves 
(4.19) 
  (4.20)    
(4.21) 
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cyclopentadienyl, a radical that is a known cyclopentadiene precursor.  Based on different 
computational and shock tube studies,
18,22,39
 self-addition of cyclopentadienyl is a 
dominant pathway in the formation of naphthalene. During catechol pyrolysis, 
cyclopentadiene is a relatively abundant product, which indicates a reaction environment 
with high cyclopentadienyl concentration. The high cyclopentadienyl concentration, in 
turn, increases the probability for cyclopentadienyl self-addition and the potential role of 
cyclopentadiene in PAH formation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.9 Phenanthrene, Anthracene and Pyrene 
 Figure 4.9 shows the effects of residence times on phenanthrene, anthracene and 
pyrene yields at 600 °C. Among the PAH with more than two aromatic rings, 
Figure 4.8 Yield/residence   time  profiles  of   naphthalene ( ), 
acenaphthylene (  ), and acenaphthene (  ) from catechol pyrolysis at 600 
o
C. 
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phenanthrene is observed to have the highest yield, especially at 7.36 seconds where its 
yield is 0.0045% of the fed catechol!significantly higher than the 0.0026% for 
anthracene and the 0.0021% yield of pyrene. When compared with naphthalene and 
acenaphthylene, the yields of phenanthrene, anthracene, or pyrene are approximately an 
order of magnitude lower. According to the HACA mechanism, larger PAH are formed 
from smaller species that goes through a series of C2 additions and ring closures to 
produce larger and larger PAH.
25,35
 In catechol studies, this series of “multiple ring 
buildup”
40
 helps explain the more favorable formation of the smaller PAH like 
naphthalene, over the larger aromatics such as pyrene. 
 In the case of forming the 3-ring benzenoid PAH, the site of acetylene addition is 
critical in determining whether that HACA mechanism results in phenanthrene formation 
or lead into the formation of anthracene. The site of acetylene addition depends on the 
location of the unpaired electron in a naphthyl radical. Phenanthrene formation for 
example, corresponds to radical formation at the 1- and 2- naphthyl positions; 
phenanthrene formation, on the other hand, corresponds to radical formation at 2- and 3- 
positions. Also, due to resonance stabilization of the radicals, 1,2-H shifts can occur that 
allows proton migration and transfer of the radical to an adjacent position.
41
 
 
 
 
 
 In addition to phenanthrene and anthracene, another species that is quantifiable is 
the 4-ring compound, pyrene. Pyrene formation, based on the HACA mechanism, 
(4.22) 
+ C2H2 
     -H + C2H2 
(4.23) 
+ C2H2 
     -H + C2H2 
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involves an acetylene addition to a phenanthryl radical followed by ring closure and H 
addition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3 Summary 
 The effect of residence time on the catechol pyrolysis was investigated to 
elucidate and validate the results of kinetic studies performed in other catechol 
experiments. The results strongly agree with the results of Ledesma, et al.
6
 that suggests 
the role of radical intermediates in the formation of 1,3-butadiene, phenol, and other 
aromatic and aliphatic species. In addition to supporting previous catechol studies, the 
experiments also demonstrate the formation of oxygenated species, including 1-indanone 
and the cinnamaldehydes, which are dominant during the early stages of catechol 
(4.24) 
+ C2H2 
     -H + H 
Figure 4.9 Yield/residence time profiles of phenanthrene (  ),   anthracene 
(  ) and pyrene (  ) from catechol pyrolysis at 600 
o
C. 
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conversion and are relevant due to their relative abundance over phenol, 1,3-butradiene 
and other primary reaction products. 
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Chapter 5 
Effects of Calcium Carbonate on the Conversion of Catechol 
 
5.1 Introduction 
Solid fuels are commonly used for power generation and in the commercial 
production of chemicals through pyrolysis, liquefaction, and gasification. From the 
conversion of coal and biomass, products such as methane, bio-oil, liquid fuels, and 
ammonia along with many others can be produced.
1-3
 During the conversion and 
combustion, solid fuels produce molecular fragments that undergo further reactions, 
including intramolecular reactions
4
 and radical interactions.
5
 Some fragments can also 
serve as building blocks of larger species, including polycyclic aromatic hydrocarbons 
(PAH) and soot. 
6-24
 The formation of large species, including PAH, is a concern during 
the combustion and pyrolysis due to the inherent carcinogenicity and mutagenecity 
associated with different levels of exposure.
1,3,13,25-30
 Investigating the thermal 
decomposition of solid fuels and the formation of different PAH building blocks is 
therefore necessary in order to understand the processes involved during the utilization of 
solid fuels. 
Studying solid fuels, however, are difficult because of complications from the 
intricate nature of the organic and inorganic structures comprising most commercial 
fuels.
31
 Coal, for example, contains aromatic components linked by hydrocarbon 
linkages;
32
 biomass fuels contain lignin, a macromolecule compost mostly of 
methoxyphenols connected through ether linkages.
33,34
 During the processes of 
combustion, pyrolysis, and other relevant solid fuel conversion reactions, the weak 
linkages break, which then liberates the fuel’s aliphatic and aromatic components. These 
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components undergo secondary reactions, which dictates the composition of the final 
product. Identifying the formation routes of specific products is therefore difficult since 
this requires accounting the numerous individual interactions among the components. In 
order to overcome this difficulty, model compounds can be used in place of the more 
complex solid fuels.
8,35-37 
Typically, model compounds are moieties of the structural 
components of solid fuels that can produce similar products at high temperature as the 
solid fuels produce under similar conditions. In the context of PAH formation, the 
phenolic compound catechol (ortho-dihydroxybenzene) has been proven to be an 
effective model compound for solid fuels since catechol is a dominant component in the 
organic structures of coal,
38
 wood,
39,40
 and biomass.
41,42
 Catechol’s suitability as a model 
for biomass fuels is further supported by studies that showed catechol as a major product 
during the thermal decomposition of lignin,
13
 an abundant component found in biomass 
fuels. In addition to biomass fuels, catechol is also a suitable model for coal since 
catechol have been demonstrated to produce similar product distribution during pyrolysis 
as coal, especially in the formation of the PAH.
15,27
  
In addition to the organic component that dictates product distribution, there are 
inorganic components, which can also affect solid fuel combustion and pyrolysis. 
Compared to the organic components, the quantity of inorganic components are usually 
present in much lower quantities
43
 and in some cases, exist only in trace amounts.
44
 
Despite their low quantities, however, some inorganic components significantly affect 
solid fuel conversion processes, as a result of their interactions with organic species. 
These interactions enhance the rate of fuel decomposition and promotes selective product 
formation—effects that are evidence of catalytic properties.
45
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Solid fuels contain several inorganic components; the most abundant among these 
are the carbonates and oxides of calcium. In several studies, calcium compounds have 
been demonstrated to enhance fuel decomposition,
25,46-48
 reduce sulfur emissions,
49-52
 and 
affect product formations during aliphatic
46
 and aromatic fuel pyrolysis.
29,53
 The 
abundance of calcium compounds in solid fuels, coupled with their potential for catalytic 
effects, provides the motivation to investigate the effects of calcium carbonate on the 
thermal decomposition of the model fuel catechol. 
Previous studies on investigating the influence of inorganic solids on catechol 
conversion showed the effects from variations in reaction temperature, feed rate, and 
oxygen concentration.
54
 The result also showed the formation of primary, secondary and 
tertiary products, which includes the formation of large quantities of aromatic ketones. 
The study utilized online sample analysis that measures the mass spectra of the products 
and labile reaction intermediates almost immediately after their formation. The resulting 
mass spectra provide a limited degree of identification for different product species, 
which is essential in proposing a route of catechol conversion and mechanisms of 
production formation. A more comprehensive approach that can analyze significantly 
more species can be performed through chromatographic analysis. Our previous 
studies
15,38,55-57
 on the pyrolysis and oxidation of catechol have investigated the formation 
of various products, particularly PAH and C1-C5 aliphatics. Using high performance 
liquid chromatographic (HPLC) and gas chromatographic analyses, our research group 
was able to perform the following from catechol studies: (1) identify an unprecedented 
number of PAH (2) establish the relationship between PAH formation and aliphatic 
species concentration (3) close and account the mass balance of catechol conversion, and 
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(4) investigate different pathways of catechol conversion and PAH formation. In studying 
the heterogeneous effects of inorganic solids, our group’s analysis observed the drastic 
effects on product formation from the interactions between nickel oxide and the products 
of catechol pyrolysis.
58
 
In this study, we investigate the effects of calcium carbonate on catechol 
pyrolysis, specifically from 400 to 600 °C. Although the total PAH produced from this 
temperature region is lower than those at higher temperatures, 400 to 600 °C is selected 
for the following reasons: (1) it represents the temperature range used during solid fuel 
liquefaction
30,39,59
 (2) lower temperature range maintains the chemical structure of 
calcium carbonate (3) due to the lower catechol conversion at this temperature range, 
more interactions between calcium carbonate and catechol are observed, and (4) fewer 
secondary and tertiary reactions occur at lower temperatures which simplifies the analysis 
of catechol conversion and product formation mechanisms. In our investigation of 
calcium carbonate effects, we first analyze catechol conversion and compare the results 
with the mechanisms suggested in previous catechol studies. We also look at primary and 
secondary pyrolysis products to identify preference towards specific reaction pathways 
that results from interactions with CaCO3. Finally, experiments are also performed under 
partially oxidative conditions in order to determine the changes in catalytic activities 
produced from the interactions between oxidative radicals and calcium carbonate. 
Introducing oxygen into the system is also useful in identifying the presence of other 
interactions between reactive specie and calcium carbonate. 
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5.2 Experimental  
5.2.1 Equipment and Procedures 
Figure 5.1 shows the schematics of the reactor system constructed to investigate 
the effects of calcium carbonate on catechol pyrolysis and partial oxidation. The figure 
shows the three major components: a fuel vaporizer, isothermal quartz flow reactor, and 
product collection system. Pyrolysis experiments are carrier out by partially vaporizing 
catechol particles (>99.5% pure) using ultra-high purity nitrogen stream. For partial 
oxidation experiments, the carrier gas is replaced with a 1540-ppm oxygen in nitrogen 
mixture. The carrier gas is preheated at 85 °C, which in both types of carrier gas, 
produces a vapor stream with a constant 0.20 mole % carbon of catechol concentration. 
The vapor stream flows into heated lines and then to a 1-cm diameter isothermal 
quartz-tube flow reactor. The reactor is insulated and maintained isothermal throughout 
18 inches by a three-zone electrically heated furnace. The reactor is operated from 400-
600 °C and with a fixed residence time of 7.4 seconds. These conditions are the same 
conditions that are used during the liquefaction of solid fuels. A mesh of quartz wool 
inserted 3 inches from the reactor’s outlet end serves as the support for the 30-micron 
calcite particles. A 25 mg sample of the calcite particles are placed between 0.5-inch 
layers of quartz wool in experiments performed in the presence of CaCO3. For 
experiments performed without calcium carbonate, only the quartz wool is inserted at the 
same location.  
In order to determine the effects of CaCO3 on catechol pyrolysis, we compare the 
results from experiments conducted with CaCO3 and experiments performed in the 
absence of CaCO3. For each experiment, reaction products are collected in one of the two 
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types of sampling systems that are attached to the end of the reactor. The gas-phase 
products are collected on 5-L Teflon sampling bags and are analyzed by gas 
chromatography with flame ionization detector. Gas samples are also analyzed in non-
dispersive infrared analyzers (NDIR) for the quantification of CO and CO2. The 
condensed-phase products are dissolved in dichloromethane and concentrated in a 
Kuderna-Danish evaporator before analysis by gas chromatography with flame ionization 
and spectrometric detectors and by high performance liquid chromatography with diode 
array ultraviolet absorbance detector. Details of sample preparation and chromatographic 
analyses for identification and quantification are described elsewhere.
15,38,56
  
5.3 Results and Discussion 
5.3.1 Effects on Catechol Conversion 
Figure 5.2 describes the effects of calcium carbonate on the 
conversion/temperature profile of catechol obtained during its pyrolysis from 400 to 600 
°C. The figure clearly shows enhanced conversions when CaCO3 is present, especially in 
temperatures above 450 
o
C. At 600 °C, catechol conversion is almost 86% in the 
presence of CaCO3 when the conversion is only 45.9% without the inorganic solid. The 
increased conversion is most likely the result of the interactions between CaCO3 and 
catechol that may have affected the pathways of catechol conversion, a number of which 
have been proposed through different catechol studies. These mechanisms include H 
atom scission,
15
    phenol formation,
60
  and benzoquinone formation.
61
 One of the 
reactions proposed in these studies involves the formation of a hydroxy-substituted 
phenoxy radical through a pathway that involves the scission of catechol’s phenolic O-H 
bond (reaction 5.1). The formation of the H atoms has been relevant in explaining the 
 59 
results of aromatic and aliphatic fuel studies. It also explains the result of catalytic 
studies, which suggested the role of two active centers in calcium carbonate to contribute 
in the observed catalytic effects. The active centers include the oxide center, that 
possesses significant propensity towards H atoms; the electropositive Ca
2+ 
center, that 
provides a certain degree of propensity of the inorganic solid towards electron-rich 
species, like radical intermediates and !-bond containing species.
46
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this study, any effect that increases H atom concentration is most likely to also 
affect a number of other pathways. One of these pathways leads to the formation of 
Figure 5.1. Isothermal quart flow-reactor used in the investigation of the effect of 
solids on catechol pyrolysis. 
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phenol, a major catechol pyrolysis product
15
 produced by displacing a phenolic OH with 
H atoms (reaction 5.2). An effect on phenol formation, in turn, affects the yields of other 
species since certain species have been proven to depend on phenol for formation, 
specifically the aromatic species like benzene and the PAH.
9,16,62
 
 
  
  
 
 
Another route in catechol conversion is suggested based on the results of 
hydroquinone (para-dihydroxybenzene) studies.
61
 In this route, catechol undergoes 
thermal decomposition by producing ortho-benzoquinone (reaction 5.3). This proposed 
route is based on the results of hydroquinone that showed the formation of para-
benzoquinone as a major product during pyrolysis.  Para-benzoquinone and ortho-
benzoquinone are the quinone forms produced from the reduction of hydroquinone and 
catechol, respectively or from their radical derivatives.
63
 Although ortho-benzoquinone is 
not observed in most catechol pyrolysis experiments, some studies have shown the 
formation of species with the mass spectra consistent for ortho-benzoquinone.
54
 These 
studies utilized real time online analysis of the reaction products using molecular beam 
mass spectrometry (MBMS). Online analysis minimizes secondary reactions, which 
allows the detection of relatively unstable species such as o-benzoquinone. The detection 
of unstable benzoquinone also suggests the potential role of benzoquinone as an 
(5.1) 
(5.2) 
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intermediate in the formation of other species most likely the oxygenated species like 
aromatic ketones and aldehyde. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Among the pathways described for catechol conversion, the H elimination 
pathway appears to have significant effects on the most number of catechol pyrolysis 
products. The studies of Ellig, et al.
46
 showed enhanced H-elimination results in higher 
rates of fuel decomposition and leads to higher H atom concentration. These effects are 
the results of the interactions between "-bonded electrons, H atoms, oxygen centers, and 
the electropositive Ca
2+ 
ions. For catechol, enhanced H elimination is most likely a direct 
result of the interactions between the "-bonded electrons with Ca
2+
 ions that—coupled to 
(5.3) 
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Figure 5.2 The conversion/residence time profiles of catechol during pyrolysis 
in the presence (  ) and absence (  ) of the inorganic solid calcium carbonate. 
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the weak phenolic bond
64
  (79.3 kcal/mole)—results in the scission of hydrogen. H atom 
that results from the reaction is also attracted to the oxygen or carbonate centers of the 
solid, and further increases the surface concentration of H atoms.
46
 Based on the results in 
figure 5.2, the gas-solid interaction that enhances the conversion of catechol is more 
defined at temperatures above 500 
o
C but are almost insignificant at lower temperatures. 
At lower temperatures, low conversion leads to high catechol concentration, and 
indicates that heterogeneous interactions are predominantly between catechol and 
calcium carbonate. As a result, the surface becomes saturated in adsorbed catechol that, 
coupled to the low reaction rates associated with temperature, minimizes any 
enhancement in catechol conversion. At elevated temperatures, however, adsorbed 
species undergo enhanced decomposition as surface reactions are favored and sufficient 
energy is available for catechol to undergo conversion. In addition, there are also other 
species produced at higher temperatures that are adsorbed on calcium carbonate’s surface 
to interact with other adsorbed species, thus favoring the formation of certain secondary 
products. 
5.3.2 Effects on Phenol, Benzene and Cyclopentadiene 
 Figure 5.3 shows the yield/temperature profiles of phenol, benzene, and 
cyclopentadiene in the presence and absence of CaCO3. The figure shows that CaCO3 
increases phenol yields and, at the same time, decreases benzene and cyclopentadiene 
yields. These effects are significant at temperatures that coincide with the highest effect 
on catechol conversion. At 600 °C, for example, phenol conversion increases to 2.49% in 
the presence of CaCO3 compared with 1.14% without calcium carbonate. In contrast, 
benzene and cyclopentadiene yields decrease from 0.35% to 0.24% and 0.22% to 0.17%, 
 63 
respectively.  This relationship suggests a potential link between catechol conversion and 
phenol, benzene, and cyclopentadiene formations. 
 Calcium carbonate’s effect on the surface H atom concentration is most likely to 
enhance the rates of phenol formation.  Reaction 5.2 suggests the dependence of phenol 
formation on the surface H atom concentration. Since CaCO3 is most likely to enhance 
the abstraction of H atoms from catechol which tends to increase surface H atom 
concentration, its presence is most likely to enhance phenol formation.
15
 This explains the 
results of Figure 5.3 that shows enhancements in phenol formation as a result of the gas-
solid interactions between CaCO3 and catechol. 
  
 
 
 
 
 
 
 
The phenol produced inside the reactor can also undergo secondary reactions to 
produce benzene and cyclopentadiene (reactions 5.4-5.6).
9,16
 Secondary reactions occur 
throughout the reactor’s heated length, including the length below the quartz wool layer 
before the occurrence of any gas-solid interaction. As a result, the interactions between 
secondary reaction species and CaCO3 can also account for the formation of benzene, 
cyclopentadiene, and other species. Cyclopentadiene, for example, requires a phenoxy 
(5.4) 
(5.5) 
(5.6) 
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radical intermediate during formation, which can be produced from phenol (reaction 5.5). 
Phenol can be obtained from the reactions that occur on the calcium carbonate’s surface 
and also from the homogeneous reactions below the quartz wool layer. The surface 
concentration of the radical is most likely to be affected because of its unpaired electron’s 
affinity towards the electropositive metal center of calcium carbonate. Since the results 
are consistent for a surface with higher H atom concentrations, adsorbed phenoxy 
radicals are most likely to undergo H addition and produce phenol instead of undergoing 
CO elimination to produce cyclopentadiene. Thus, the adsorption of phenoxy radical on 
calcium carbonate’s surface enhances phenol formation rather than cyclopentadiene 
formation and, in fact, consumes the precursors necessary for cyclopentadiene to form. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) (c) 
CaCO3/ 
quartz wool  
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OH
Figure 5.3 The yield/temperature profiles (in mass percent of fed catechol) of 
phenol (a), benzene (b) and cyclopentadiene (c) produced from the pyrolysis of 
catechol with calcium carbonate on wool supports (  ) and with pure quartz wool (  ). 
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Aside from cyclopentadiene, another major product that has been suggested to 
depend on phenol for formation is benzene. Benzene is a major product during phenol 
pyrolysis that is produced via radical substitution of the phenolic OH by H atoms. In the 
presence of CaCO3, higher surface H atom concentration is expected to enhance this 
reaction. Figure 5.3, however, shows some slight reduction in benzene formation at 
temperatures above 500 °C.  This reduction occurs despite an increase in phenol 
formation and the rise in H atom concentration. Since benzene and its radical derivatives 
are electron-rich "-bonded species, it is expected to possess a high degree of propensity 
towards the electropositive Ca
2+
 ions. As a result, benzene and phenyl radicals produced 
through homogeneous reactions below the quartz wool level interacts and are adsorbed 
on the calcium carbonate’s surface. This enhances the conversion of benzene and phenyl 
radicals and their reactions with other adsorbed reactants and adsorbed species to produce 
larger aromatics like the PAH. 
5.3.3 Effects on cis-Cinnamaldehyde, 1-Indanone 
The oxygenated aromatics, comprised mostly of cis-cinnamaldehyde and 1-
indanone, are the second highest yield product produced during low-temperature 
pyrolysis (<600 °C) after carbon monoxide. The abundance of oxygenated species, 
especially in conditions of low catechol conversions, is an indication of a formation 
pathway that directly involves catechol or a directly related unstable derivative. Although 
these products are formed in solid fuel studies
61
 and are known toxic pollutants,
65
 detailed 
kinetics of aromatic ketone and aldehyde formation remain less than sufficient. Based on 
the pathways proposed from hydroquinone studies, a potential intermediate in the 
formation of oxygenated aromatics is benzoquinone (reaction 5.3). Benzoquinone is an 
 66 
intermediate detectable only in online sampling systems in catechol pyrolysis
66
 and 
during the pyrolysis of hydroquinone.
61
 As catechol decomposes into benzoquinone and 
radical derivatives, secondary reactions can produce both cis-cinnamaldehyde and 1-
indanone.
67
 Since detailed kinetics is absent, only the net reaction of cis-cinnamaldehyde 
and 1-indanone formation can be suggested. Overall, the results are consistent for 
reactions that involves CO elimination (reaction 5.7) or as some studies have proposed, a 
similar benzoquinone channel that produces CO2.
68
  
 
 
  
 
 
 
Based on the results presented in figure 5.4, CaCO3 decreases cis-cinnamaldehyde 
and 1-indanone yields, an observation that can be explained by catalytic effects that 
enhances either the decomposition of oxygenated species or increases catechol’s 
conversion towards a competing reaction. In an earlier explanation, the results have so far 
been consistent with the enhanced H elimination of catechol when CaCO3 is present. H-
elimination of catechol occurs in a separate pathway as benzoquinone formation and its 
enhancement can therefore lead to the reduction of benzoquinone formation. Reduction in 
benzoquinone formation, in turn, decreases the yields of cis-cinnamaldehyde and 1-
indanone. 
 
(5.7) 
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5.3.4 Effects on 1,3-Butadiene and Vinylacetylene 
 The major hydrocarbon observed in catechol studies and in aliphatic fuel 
pyrolysis studies is the C4 product, 1,3-butadiene.
15,69,70
 In previous studies, 1,3-butadiene 
and other C4 species are produced from aliphatic products through the thermal 
decomposition of cyclopentadiene derivatives.
71
 In catechol studies, CO elimination 
followed by 1,2-H shift of the hydroxy-substituted phenoxy radical intermediate is 
suggested to produce cyclopentadiene derivatives like cyclopentadienonyl (reaction 
5.8).
15
 Cyclopentadienonyl, in turn, undergoes CO elimination and produces butadienyl 
radical, which is the common precursor of both 1,3-butadiene and vinylacetylene. 
Butadienyl radicals can undergo H addition to produce 1,3-butadiene, or H elimination to 
 
(a) (b) 
CaCO3/ 
quartz wool 
quartz 
wool 
O
O
Figure 5.4 The yield/temperature profiles (in mass percent of fed catechol) of cis-
cinnamaldehyde (a) and 1-indanone (b) from the pyrolysis of catechol with calcium 
carbonate on quartz wool support (  ) and quartz wool (  ). 
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form vinylacetylene.
15,72
 The similarity in the effects of temperature on exponentially 
increasing the yields of both C4 species in Fig. 5.5 is consistent for species that are 
produced from a common pathway, most likely the dominant butadienyl-based C4 
formation pathway. 
  
The yield/temperature profiles in Fig. 5.5 also show evidence of an increase in H 
atom concentration that results from the interactions of butadienyl precursors with 
CaCO3. At 600 °C, the presence of CaCO3 is observed to increase 1,3-butadiene yield 
from 1.50% to 2.45% while at the same time slightly decreases vinylacetylene yields 
from 0.71% to 0.68%. Since 1,3-butadiene is a product of H addition and vinylacetylene 
is from H-elimination, the difference in these effects can be attributed to higher H atom 
concentration. Higher H atom concentration, which is suggested from phenol results, 
promotes H addition at the expense of H elimination. 
In comparing the effects of CaCO3 in enhancing 1,3-butadiene formation and 
decreasing vinylacetylene yields at 600 °C, the results show higher effects of 63% on 1,3-
butadiene yields and significantly lower effects of 4.2% on vinylacetylene. Since both 
species compete over a common butadienyl precursor, the effects on 1,3-butadiene and 
vinylacetylene are anticipated to be of similar magnitude if only the catalytic effects on 
the H addition of butadienyl were considered. However, the results show drastic 
difference in the magnitude of the effects, which can be attributed to catalytic effects that 
(5.8) 
(5.9) 
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occur in addition to H addition. One of the most likely effects of CaCO3 is on the 
formation of the C4 precursor. An analysis of the total C4 products can provide a certain 
approximation on the effects on C4 radical formation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The summed C4 yields!1,3-butadiene and vinylacetylene!are significantly 
higher in the presence of CaCO3 than without the inorganic solid. The increase in total C4 
formation is an indication that C4 radical formation is favored in the presence of the 
inorganic solid. From the catechol conversion mechanism (reaction 5.8), the formation of 
(5.10) 
(5.11) 
(a) (b) 
C C C C C C C C
CaCO3/ 
quartz wool 
quartz 
wool 
Figure 5.5 The yield/temperature profiles (in mass percent of fed catechol) of 1,3-butadiene 
(a) and vinylacetylene (b) from the pyrolysis of catechol with calcium carbonate in quartz 
wool support (  ) and quartz wool (  ). 
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C4 radicals involves hydrogen elimination of catechol and formation of a hydroxy-
substituted phenoxy radical intermediate. The enhanced elimination of H atoms in the 
presence that results from the catalytic effects of CaCO3 is supported by the results of 
other species and have been suggested in previous aliphatic studies.
46
   Calcium carbonate 
can therefore increase the overall C4 product formation and at the same time increases H 
atom concentration. The higher H atom concentration increases the fraction of C4 radicals 
that undergoes H addition and becomes 1,3-butadiene. It also decreases the fraction of the 
C4 intermediates that becomes vinylacetylene. However, since C4 radical precursor 
formation is also favored in calcium carbonate’s presence, the overall effect on 
vinylacetylene yield is minimal.  
5.3.5 Effects on the Polycyclic Aromatic Hydrocarbons 
 During pyrolysis, polycyclic aromatic hydrocarbons (PAH) are usually produced 
as a result of the interactions between different precursor species. In catechol, precursors 
such as radical derivatives of the C2-C5
9,11,73,74
 aliphatics are known to contribute towards 
the formation of the PAH. Among these precursors, the C2 product acetylene, through the 
acetylene addition/hydrogen abstraction (HACA) mechanism, is recognized as one of the 
main PAH formation and growth pathway.
35
 However, under the conditions of this study, 
the role of C2 in PAH formation is limited by the relatively low acetylene yields (<0.3%) 
and the low temperature (<800
o
C) that is not sufficient to break the C-C acetylene 
bonds.
75
  
Aside from acetylene, there are studies that suggests the role of C4 species in PAH 
growth and formation. One such species is the butadienyl radical, an unstable 
intermediate that, based on the high 1,3-butadiene yield, is likely to be a dominant 
 71 
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component during catechol pyrolysis. Since butadienyl is an electron-rich precursor of 
the most abundant hydrocarbon product, a significant quantity is most likely adsorbed on 
calcium carbonate’s surface. Adsorption of butadienyl radicals enhances radical-radical 
and radical-gas reactions that can lead to the formation of more PAH. Another species 
that CaCO3 adsorbs based on the benzene yields are phenyl radicals. Adsorption of 
aromatic species and radical intermediates, including phenyl radicals, increases the 
collision between growth species and adsorbed components and also enhances the 
formation of PAH. 
 
 
 
 
 
 
 
 
 
 
 
 
 5.3.6 Effects of Partial Oxidation 
 In addition to the catalytic activities of CaCO3 observed under pyrolytic 
conditions of pure nitrogen, CaCO3 also exhibits catalytic activities under partially 
CaCO3/ 
quartz wool 
quartz 
wool 
Figure 5.6 The yield/temperature profile of the summed PAH yields from 
catechol pyrolysis in the absence (  ) and presence (  ) of calcium carbonate. 
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oxidative conditions. The results, however, are less significant in terms of the effects on 
catechol conversion (Figure 5.7) and on phenol, 1,3-butadiene, benzene, cyclopentadiene, 
and PAH yields. Compared to pyrolytic conditions, change in yields under oxidative 
conditions of 1540 ppm O2 are 21%, 6.82%, and 67.44% for phenol, 1,3-butadiene and 
benzene, respectively compared to 120%, 45.9%, and 63% in pure pyrolytic 
environments. Reduction of the effects on these species is most likely due to the decrease 
in H atom concentration that results from the consumption of free and surface H atoms by 
molecular oxygen. In addition, there are also the presence of other species that binds on 
the surface, enhances other reactions, and reduces the availability of active sites. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
350 400 450 500 550 600 650 
C
a
te
ch
o
l 
C
o
n
v
er
si
o
n
 (
%
) 
Temperature (oC) 
CaCO3/ 
quartz wool 
quartz 
wool 
OH
OH
Figure 5.7 The conversion/residence time profiles of catechol under 1540 ppm 
O2 conditions in the presence (  ) and absence (  ) of the inorganic solid 
calcium carbonate. 
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The most drastic effect observed among calcium carbonate’s effects is the 
decrease in cis-cinnamaldehyde and 1-indanone yields (Figure 5.8), which are the major 
products from catechol under partially oxidative conditions. Cis-cinnamaldehyde, for 
example, decreases from 11.58% to 3.55% and 1-indanone from 33.16% to 23.93% at 
500 
o
C under oxidative conditions. These are significantly higher compared to the 
decrease from 3.50% to 3.21% and 8.46% to 7.56% for cis-cinnamaldehyde and 1-
indanone under pyrolytic conditions, respectively. The effects of CaCO3 on these 
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Figure 5.8 The yield/temperature profiles (in mass percent of fed catechol) of cis-
cinnamaldehyde (a) and 1-indanone (b) from the partial oxidation (1540 ppm O2) of 
catechol with calcium carbonate on quartz wool support (  ) and quartz wool (  ). 
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oxygenated species are most likely to occur in a separate catechol conversion pathway 
that involves the affinity of CaCO3 active sites on the electronegativity of oxygen. The 
product enhanced from the increase in cis-cinnamaldehyde and 1-indanone conversion is 
most likely the unidentified component with a mass per charge ratio of 130 in the GC and 
fragmentation patterns of m/z=130, 102, 76, 63. Isolation of this component through 
chromatographic techniques for NMR identification showed inconclusive results due to 
complications from co-eluting components. The NMR results and the fragmentation 
pattern, however, are consistent for a carbonyl-substituted species. Attempts at 
identification of these species are described in Appendix D. 
5.4 Summary and Conclusion 
    The effects of CaCO3 on catechol pyrolysis were investigated in an isothermal 
flow reactor from 400 to 600 
o
C. The results show significant increase in catechol 
decomposition due to the presence of CaCO3. These effects are consistent with increase 
in the concentration of H atoms, which is most likely the result of an increase in the rate 
of scission of catechol’s O-H bonds. Enhancement in the scission of the O-H bonds can 
be associated with the interaction between CaCO3 and catechol. In addition to its 
interaction with catechol, CaCO3 also possesses an affinity towards radical species that 
undergoes enhanced H addition in the presence of CaCO3 due to the higher H atom 
concentration on calcium carbonate’s surface.  Enhanced H addition of radicals results in 
an increase in the yields of phenol, 1,3-butadiene, naphthalene, phenanthrene, anthracene, 
and pyrene. The presence of CaCO3 is also observed to decrease cis-cinnamaldehyde and 
1-indanone formation as a result of enhancing the competing catechol conversion 
pathways.
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In the presence of oxygen, the effects of CaCO3 on catechol conversion and 
product yields is observed to decrease significantly as a result of oxygen’s effect on the  
H atom concentration. Oxygen reacts with H atoms and reduces the catalytic effect of 
CaCO3 as a result of the decrease in surface H atom concentration. The presence of 
oxygen also enhances another catechol conversion pathway, which results in a 
significantly lower cis-cinnamaldehyde and 1-indanone yields. The reaction pathway 
enhanced in the presence of CaCO3 under oxidative conditions is consistent for an 
oxygen-containing product the details of which are described in Appendix D. 
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Chapter 6 
The Effects of Iron Oxide on the Partial Oxidation of Catechol 
 
6.1 Introduction  
 Iron oxide is an important transition metal catalyst used in various applications; 
from the removal of carbon monoxide
2
 to the catalytic oxidation of methane.
3
 As a 
substitute of metal-based catalysts, iron oxide has the advantage of lower cost and higher 
availability. At the same time, iron oxide is non-polluting and is just as effective as other 
solids as an oxidation catalyst.
4
 As a result, a potential role for iron oxide is a catalyst that 
enhances the conversion of coal to liquid-based fuels, in processes that include direct coal 
liquefaction.
5
 As a catalyst, iron oxide effectively decreases the temperature of 
liquefaction, and increases the efficiency of converting biomass to liquid fuels. Iron oxide 
is also useful in bio-oil production since it have been proven to decrease the temperature 
required for biomass liquefaction.
2
 Bio-oil is the liquid mixture produced from the 
thermal decomposition of biomass and is currently a viable alternative to the fossil-based 
liquid fuels.
6
  
 Since a number of current and potential applications of iron oxide are associated 
to the thermal conversions of solid fuels,
2,7,8
 various studies have been performed with 
the goal of investigating iron oxide and its interactions with coal, wood, biomass, and 
other solid fuels.
2,9-11
 In this study, iron oxide is investigated to elucidate the effects of 
the inorganic particles on the combustion of solid fuels. Detailed kinetics of solid fuels, 
however, is difficult to study as a result of the inherent complexity of the structural 
components of many conventional fuels. Most solid fuels, including coal and biomass, 
are composed of macromolecules that are linked together by aliphatic and oxidative 
linkages.
12
 Understanding the kinetics of solid fuel decomposition under oxidative 
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conditions is therefore very difficult, since all the individual components of the 
macromolecule have to be taken into consideration.  
 In order to study the kinetics and minimize the difficulty posed by complexity of 
the components, simpler compounds can instead be used as a substitute to various solid 
fuels. One such substitute that has served as an effective model for solid fuels is the 
phenolic compound, catechol (ortho-dihydroxybenzene). Catechol is a representative of 
the structural components in coal, wood, and biomass.
13
 Catechol is also the major 
phenolic product during biomass pyrolysis and, compared to brown coal, shows very 
similar product distribution profiles. In previous studies Shin, et al.
11
 observed that both 
the rate of catechol decomposition, and the yields of product formation are affected by 
iron oxide’s presence. Among the results, the studies revealed the formation of 
oxygenated aromatics, light hydrocarbon species, and polycyclic aromatic hydrocarbons. 
Iron oxide studies also confirmed that among the forms of iron oxide, hematite (!-Fe2O3) 
is the most abundant, most stable and the most catalytically active under the partially 
oxidative conditions of the experiments.
8
  
 In this study, the effects of hematite on catechol oxidation are investigated by 
correlating the product distribution and yields of individual components on the presence 
of the nanoparticle iron oxide. The results obtained from this study also serves as a basis 
to explore different catechol conversion pathways that incorporates heterogeneous effects 
of iron oxide during the combustion of solid fuels. 
6.2 Results and Discussion 
 As a catalyst known for enhancing rates of oxidation,
3
 iron oxide—under a 
partially oxidative condition—is also most likely to enhance the oxidation and the 
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conversion of the catechol model compound. Based on Figure 6.1, iron oxide 
significantly increases catechol decomposition and results to a complete conversion at 
450 
o
C, which is 50 
o
C lower than the temperature required in conditions where only the 
quartz wool support is present. Using first order assumptions and global rate kinetics, the 
presence of iron oxide results in a reduction of the activation energy, from 28.57 
kcal/mole to 23.32 kcal/mole. The decrease in activation energy is similar to the catalytic 
effects observed in the iron oxide studies of Shin, et al.
10
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to examine how iron oxide enhances the reaction, species produced from 
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Figure 6.1 The conversion/temperature profiles of catechol under 
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iron oxide (  ). 
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pathways. Based on these results, the specific of the interactions between catechol and 
iron oxide on specific catechol conversion pathways can be determined. Because the 
formation of certain species depends on specific routes, identification and quantification 
leads to valuable information that elucidates the role of iron oxide on catechol 
decomposition. One product in particular is phenol, a major species produced during the 
pyrolysis and oxidation of catechol.
14,15
 Phenol, according to a number of studies, is the 
result of the substitution of an OH group by an H atom (reaction 6.1).
14
 H atoms are 
abundant in reaction environments, particularly in pyrolysis and oxidation. 
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Based on the yield/temperature profile of Figure 6.2, the absence of iron oxide 
steadily increases phenol yields at temperatures from 400 to 600 
o
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of iron oxide results in phenol yields that increases steadily, peak at 500 
o
C and decreases 
as the temperature approached 600 
o
C. The difference between the behaviors of phenol 
yields on catechol partial oxidation with iron oxide and on partial oxidation without iron 
oxide demonstrates the role of the inorganic solid in affecting important catechol 
conversion pathways. Such profile is attributable to several interactions of iron oxide that 
includes (1) fast decomposition of phenol through secondary reactions, and (2) selective 
enhancement of the thermal conversion of catechol towards a competing pathway.  An 
analysis of the yields of phenol reaction products, such as benzene and cyclopentadiene, 
can help establish how iron oxide affects the phenol formation pathway. Based on the 
results shown by Figures 6.3 and 6.4, iron oxide also decreases benzene and 
cyclopentadiene yields. At 600 
o
C when phenol yields decreased from 0.29% to 0.14%, 
benzene and cyclopentadiene yields also decrease from 1.89% to 1.17% and from 0.34% 
to 0.16%, respectively. The role of iron oxide in decreasing benzene and cyclopentadiene 
yields does not support the proposed interaction where iron oxide enhances phenol 
decomposition. The major products from the thermal decomposition of phenol are 
benzene and cyclopentadiene. Enhanced conversion of phenol would have increased both 
benzene and cyclopentadiene yields. However, the results show otherwise and are instead 
supporting the other proposed interaction where iron oxide enhances a competing 
catechol conversion pathway, a pathway that favors the formation of another product and 
decreases phenol formation. 
The routes of catechol conversion have been described in several catechol studies. 
Among the routes that have been suggested are two pathways that can explain the 
correlation between an increase in catechol conversion and decrease in phenol formation. 
 86 
Decrease in phenol yields is the result of competition over common radical and 
intermediate precursor. These pathways include the H-elimination pathway
14
 and the 
benzoquinone formation pathway.
16
 Competition of these pathways towards phenol 
formation route is a potential explanation for the decrease in phenol yields despite 
enhancements in catechol conversion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the H-elimination route (Reaction 6.5), scission occurs to the weakest of the 
catechol bonds—the phenolic hydrogen bond (74.9 kcal/mole).
17
 Scission produces free 
H atoms and the hydroxy-substituted phenoxy radical intermediate. Hydroxy-substituted 
radical is most likely to undergo unimolecular CO decomposition to produce 
cyclopentadienol-lyl.  Cyclopentadienol-lyl, in turn, undergoes a 1,2-H shift to produce 
0.00 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
400 450 500 550 600 650 
%
Y
ie
ld
 (
m
a
ss
 p
er
ce
n
t 
o
f 
fe
d
 c
a
te
ch
o
l)
 
Temperature (oC) 
Figure 6.4 The yield/temperature profiles of cyclopentadiene under partially 
oxidative conditions in the presence (  ) and in the absence of iron oxide (  ). 
Fe2O3/ 
quartz wool 
quartz wool 
 87 
the radical intermediate, cyclopentadienonyl (Reaction 6.6). In studies performed on 
cyclopentadiene derivatives,
18
 the major product group observed were light hydrocarbon 
species, i.e. acetylene, 1,3-butadiene and vinylacetylene (Reaction 6.7).  During catechol 
pyrolysis, 1,3-butadiene yield at 1.89% of the catechol converted is the second highest 
among all the species produced at 600 
o
C. Since 1,3-butadiene is a product of the H 
elimination of catechol, its abundance serves as an indicator that H-elimination route is a 
relevant pathway under pyrolytic conditions. In a partially oxidative environment, 
however, 1,3-butadiene and vinylacetylene yields are significantly lower, decreasing 
from 1.50% to 0.43% for 1,3-butadiene and from 0.71% to 0.16% for cyclopentadiene 
(Figure 6.6). The decrease in 1,3-butadiene and vinylacetylene yields suggests that, in 
addition to the H-elimination pathway, there are oxygen-dependent pathways occurring 
that consumes the precursor species of 1,3-butadiene and cyclopentadiene. Since the 
catalytic effects of iron oxide are associated with oxidative reactions,
3
 it is expected that 
introducing iron oxide during the partial oxidation of catechol reduces 1,3-butadiene and 
vinylacetylene formation. 
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The effects of iron oxide on 1,3-butadiene and vinylacetylene yields are shown by 
the yield/temperature profiles of figures 6.6 and 6.7. The figures show the expected 
reduction in 1,3-butadiene yields and vinylacetylene yield that results from selectively 
enhancing different catechol decomposition routes. At 600 
o
C for example, 1,3-butadiene 
yield decreases from 0.43% to 0.09% and from 0.16% to 0.08% for vinylacetylene. Since 
the reduction occurs simultaneously on both C4 species, the precursor pathways, which is 
common to both 1,3-butadiene and vinylacetylene, is most likely the route affected by the 
heterogeneous catalysis of iron oxide.  
One of the pathways in catechol conversion that is not directly associated to 
phenol and C4 species formation is the benzoquinone-formation pathway. This route is 
most likely initiated when catechol undergoes tautomerism and produce ortho-
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benzoquinone (Reaction 6.8). Although specific details are missing, one study suggested 
tautomerism of the hydroxy-substituted phenoxy radical into radical benzoquinone 
derivatives as a route to benzoquinone formation. However, instead of producing 
benzoquinone, these radicals can undergo other reaction and produce oxygenated species 
that are similar to those observed when benzoquinone is the intermediate. Such 
mechanism is consistent with the observed absence of ortho-benzoquinone despite 
evidence that it may have an active role as an intermediate in the formation of other 
oxygenated species.
10
 It is also possible that the low thermodynamic stability of ortho-
benzoquinone results in its complete conversion that it is not observed during the reaction 
except in cases where online analysis is utilized.  
Although not a confirmed product of catechol conversion, ortho-benzoquinone is 
a potential pathway in the formation of other species especially since the results of 
catechol’s para-isomer, hydroquinone, showed evidence that benzoquione formations is a 
relevant route in hydroquinone conversion. Since catechol and hydroquinone are both 
isomers, it is possible that both undergo similar reactions of producing benzoquinone. 
However, the ortho-benzoquinone produced from catechol is less stable compared to 
para-benzoquinone and is the reason for its absence from catechol flow reactor 
experiments. Ortho-benzoquinone, however, can be detected when online sampling 
systems are utilized.
11
 Online sampling minimizes secondary reactions and is capable of 
detecting even labile components. Detection of benzoquinone in online sampling systems 
and its absence in other analytical techniques proves that ortho-benzoquinone is 
completely consumed in secondary reactions.  It is therefore most likely to contribute in 
the formation of other species. 
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The most likely products from the secondary reactions of benzoquinone are the 
oxygenated species. Based on the yields of catechol pyrolysis and partial oxidation 
products, the most abundant oxygenated species are the cinnamaldehydes and 1-
indanone. Figure 6.8 show the effects of iron oxide on cis-cinnamaldehyde that describes 
significantly higher yields that can only be associated to interactions between catechol 
and iron oxide under partially oxidative environments. In the absence of iron oxide, cis-
cinnamaldehyde formation begins at 400 
o
C and peaks to 11.58% of the fed catechol at 
500 
o
C. In the presence of iron oxide, peak yield occurs 100 
o
C lower and at a yield of 
37.91% of the fed catechol, which is a significant increase in the yield from 11.58%. The 
peak of enhancements in cis-cinnamaldehyde formation coincides with a significant 
enhancement in catechol conversion due to the presence of iron oxide (Figure 6.1). This 
observation is consistent with mechanisms where significant portion of catechol 
undergoes enhanced conversion and formation of the cis-cinnamaldehyde. Since cis-
cinnamaldehyde formation is associated to the conversion of catechol through a 
benzoquinone intermediate, the results indicate that benzoquinone is an important 
catechol conversion pathway that has an active role in the catalytic conversion of 
catechol under partially oxidative conditions. Enhancement in catechol conversion 
associated with the presence of iron oxide is therefore most likely due to surface 
interactions that enhance benzoquinone formation. Since benzoquinone is an unstable 
intermediate of cis-cinnamaldehyde, its enhancement is most likely to increase cis-
(6.8) 
OH
OH
O
O
-2H
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cinnamaldehyde yields. Based on the results of metal oxide studies,
19
 the interaction 
between benzoquinone’s carbonyl oxygen and the hematite’s iron center provides the 
conditions suitable for the formation of cis-cinnamaldehyde. These interactions are 
dominant only when significant quantities of unreacted catechol are available to interact 
with the nanoparticle iron oxide. 
At higher temperatures, the feed gas—because of the higher conversion—has 
lower catechol concentration near the reactor’s exit end where the inorganic solid bed is 
located. As a result, the influence of catechol-iron oxide interactions on the product 
distribution decreases when the temperature rises. Reduced interactions between catechol 
and iron oxide help explain the drastic decrease in cis-cinnamaldehyde formation that 
occurs as the catechol approaches complete conversion. Under these conditions, other 
species become more abundant than catechol and the effects of iron oxide are less 
dependent on the interactions between catechol and iron oxide. As a result, catalytic 
effects are the results of the conversion of these adsorbed species. At 500 °C, one of the 
most abundant gas-phase species with the potential of affecting product distribution is 1-
indanone. 
The yield/temperature profile of Figure 6.9 suggests the presence of strong 
interactions between the iron oxide particles and 1-indanone. Based on the figure, the 
interaction enhances 1-indanone conversions and significantly decreases 1-indanone 
yields from 33.2% to 17.2% when interaction with iron oxide is present. Based on the 
effects of iron oxide on the yield/temperature profiles of other species, enhanced 
conversion of 1-indanone is most likely to increase the yields of CO and CO2. Both CO 
and CO2 yields are shown in Figure 6.10 to increase significantly in the presence of iron 
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oxide. CO2 yield, for example, increases from 17% to 89% of the mass of the catechol 
feed at 450 
o
C. Since the system introduces oxygen from the carrier gas, mass percent of 
oxygenated components can become significantly higher as oxygen from the carrier gas 
adds to the total mass of that species. The figures show a 10% increase in CO yields and 
a more significant 72% increase in CO2 yields. The effects on CO2 are significantly 
higher, most likely because iron oxide can also catalyze CO oxidation in addition to 1-
indanone.
2,3
 
 
 
 
 
 
 
 
 
 
 
 
 
Aside from the major catechol decomposition products such as catechol, 1-
indanone, and cis-cinnamaldehyde, iron oxide can also affect the yields of secondary 
reaction species. Although precursors of these species are not as abundant as the primary 
reaction products, interactions with iron oxide can still contribute in enhancing the 
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Figure 6.8 The yield/temperature profiles of cis-cinnamaldehyde under partially 
oxidative conditions in the presence (  ) and in the absence of iron oxide (  ). 
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formation of these products and the products of succeeding reactions. The results of these 
interactions are evident in Figure 6.12, which shows the effects of iron oxide on the 
summed yields of the polycyclic aromatic hydrocarbons (PAH). The figure shows an 
increase in PAH yields as a result of iron oxide. Since PAH formation—from the 
decomposition of catechol—involves aromatic ring formation and successive addition 
reactions (Figure 6.11), the effects of iron oxide is the result of interaction with any of the 
PAH building blocks.  
 
  
 
 
 
 
 
 
 
 
 
 
Based on Figure 6.11 results, the total yields of the PAH—the yields of 
naphthalene, phenanthrene, anthracene, pyrene—increases as a result of the interactions 
between precursor species and iron oxide. These interactions have been observed in other 
inorganic solids
20,21
 and are produced by the affinity of the transition metal to the ! bonds 
0 
5 
10 
15 
20 
25 
30 
35 
300 350 400 450 500 550 600 650 
%
Y
ie
ld
 (
m
a
ss
 p
er
ce
n
t 
o
f 
fe
d
 c
a
te
ch
o
l)
 
Temperature (oC) 
O
Fe2O3/  
quartz wool 
quartz wool 
Figure 6.9 The yield/temperature profiles of 1-indanone under partially 
oxidative conditions in the presence (  ) and in the absence of iron oxide (  ). 
 95 
of aromatic species and the radical precursors.
19
 This produces a "-metal bond complex 
that favors radical-radical and radical-aliphatic interactions. Due to lower precursor 
concentration, however, hematite active sites are filled with species other than these 
precursors. Thus, the effects of iron oxide on PAH formation is not as significant as the 
effects observed on the more abundant species. 
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6.3 Summary 
 
The presence of iron oxide on the partial oxidation of catechol was investigated 
under conditions with 1540 ppm of oxygen from 300 to 600 °C. Results show significant 
increase in catechol conversion when CaCO3 is present. Enhancement in the catechol 
conversion at 400 °C is consistent for the selective catalysis of iron oxide on catechol 
conversion via pathways that enhances cis-cinnamaldehyde formation. This enhancement 
decreases as temperature increases and above 450 °C, a more significant interaction 
exists between iron oxide and 1-indanone than between iron oxide and catechol. Change 
in the type of interaction with iron oxide results to heterogeneous interaction that 
decreases 1-indanone yields and increases CO, CO2, and PAH formation. 
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Chapter 7  
The Effects of Residence Time on the Partial  
Oxidation of Catechol 
 
7.1 Introduction  
 The oxidation of solid fuels is among the most important process involved in the 
production of energy and thermochemical conversions. In the United States, solid fuels 
account for 48.5% of the US supply of electricity.
1
 Among the commercial solid fuels, 
coal is the most abundant and highly utilized. However a growing portion—due to 
environmental and global warming concerns—utilizes renewable solid fuels such as 
biomass. Biomass is mostly made of cellulose, hemicellulose, and lignin that undergoes 
bond breaking and liberates various species, mostly phenols, during combustion.
2-5
   
 In addition to energy production, solid fuels are also used in the production of 
chemicals, such as liquid fuels, synthesis gas, and industrial phenols.
2
 These processes 
are, however, complex and optimizing requires understanding the reactions involved 
during solid fuel conversion and elucidating the correlation between different reaction 
parameters, i.e. temperature, residence time, to the product distribution. Understanding 
the conversion of solid fuels, however, is rendered difficult by the complex structures that 
comprise most conventional solid fuels.
3
 Coal and biomass, for example, are composed 
of a complex matrix of aliphatic and aromatic components linked together through 
hydrocarbon linkages. Partial oxidation results in the scission of these linkages and in 
turn, liberates different structural components. Due to the number of species involved in 
the reaction, an accurate investigation would require considering both the chemical 
reactions and the physical interactions among the individual species that are present. In 
order to minimize such complications and focus on the major reactions, simpler 
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compounds can be utilized and reactions are performed on the gas phase. In coal and 
biomass, a suitable model compound is catechol, which as explained earlier, represents 
the major structural components of coal, wood, and biomass. 
 In this study, partial oxidation of the model compound is performed to investigate 
the kinetics involved during the combustion of solid fuels. In this reactor system, kinetics 
is studied by investigating the effects of residence time on the partial oxidation of 
catechol at 600 
o
C, which is comparable to the other experiments and is relevant in 
conversion of biomass to liquid fuels. At this temperature, biomass produces the 
maximum amount of catechol where catechol is a precursor of both the light gas species 
and the polycyclic aromatic hydrocarbons (PAH). Although relatively low for most PAH 
to form, aromatic species that can serve as building blocks of the larger PAH are 
observed at 600 °C.
4-6
 PAH formation is a concern during the utilization of solid fuels 
due to the inherent carcinogenicity and mutagenicity that results from exposure to certain 
PAH species.
7
 In addition, PAH are also known precursors of soot, which are the 
particulates produced from combustion that are proven health hazards from solid fuel 
emissions. 
7.2 Results and Discussion 
7.2.1 Effects on Catechol Conversion 
 The effects of residence time on catechol conversion, under partially oxidative 
conditions, are shown in figure 7.1. Based on the results, the rate of catechol 
decomposition increases as the residence time increases. This rate is significantly higher 
under partially oxidative conditions than under pure pyrolytic environments. At 7.36 
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seconds, for example, catechol conversion is already complete when 1540 ppm of O2 is 
present compared to the 46% observed under pure nitrogen environments.  
 The role of oxygen in increasing catechol conversion can be attributed to the role 
of molecular oxygen and oxidative radicals in addition reactions. The presence of 
oxidative species are required in different catechol conversion channels that include 
reactions that occur under oxygen-free conditions, such as phenolic H bond scission, 
phenol formation, and other catechol conversion reactions; and reactions that directly 
consume molecular oxygen and oxidative radicals for formation. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OH
OH
1540 ppm O2 
0 ppm O2 
Figure 7.1 Conversion of catechol at different residence time under 
pyrolytic (  ) and partially oxidative (  ) 1540 ppm O2 conditions. 
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The role of oxygen and oxidative radicals in the pyrolytic conversion channels are 
described in Chapter 4 and are listed in reactions 7.1 to 7.4. In these pathways, radical 
species and radical reactions are involved that the presence of other radicals, such as 
oxidative radicals, affects the concentration of these radical intermediates and the 
resulting product species. 
 
 
 
 
 
 
 
 
 
 
 
 
One of the most likely effects of oxygen and oxidative radicals is in the 
scavenging of free H atoms. OH radicals, for example, directly consume H atoms to 
produce water.
8
 As a result, free H atom concentration decreases and reactions that are 
dependent on H atoms, such as reactions 7.1 and 7.2, are affected. Catechol conversion 
can also be directly affected by the presence of molecular oxygen and oxidative radicals
9
  
through reactions that are similar to those proposed in phenol oxidation studies.
10
 
Catechol also reacts with molecular oxygen to produce hydroxy-substituted phenoxy 
radicals. Hydroxy-substituted phenoxy radicals have been considered as an important 
intermediate during catechol pyrolysis that is relevant for producing the light aliphatic 
species and aromatic hydrocarbons. Formation through reaction with molecular oxygen 
OH
OH
OH
O
O
O
OH
OH
OH
O
-H
OH
OH
OH
+H + OH
(7.1) 
(7.2) 
(7.3) 
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results in HO2 or peroxide radicals. Peroxides are highly reactive species that can further 
produce hydroxy-substituted phenoxy radicals through a similar H-elimination 
mechanism. 
 
 
 
 
 
 
Since catechol conversions are significantly enhanced in the presence of oxygen, 
molecular oxygen and oxidative radicals are most likely directly involved in the reaction. 
The reaction sequence proposed in reactions 7.4 and 7.5 show how a molecule of oxygen 
converts two moles of catechol into the hydroxy-substituted phenoxy radicals. In addition 
to other catechol conversion routes, the conversion is most likely significantly higher 
under oxidative environments because of the role of oxygen in consuming free H atoms 
and in initiating the conversion of catechol through H elimination (Reactions 7.4-7.5). 
 Assuming first order decomposition, the conversion/temperature profiles show a 
significant increase in the rate of catechol conversion from 0.0947 s
-1
 to 0.2474 s
-1
. The 
drastic increase in reaction rate indicates the magnitude of the effects of oxygen in 
enhancing catechol conversion rates. 
7.2.2 Effects on cis-Cinnamaldehyde, trans-Cinnamaldehyde and 1-Indanone  
The residence time profile, obtained from the partial oxidation of catechol, 
provides useful information that can correlate cis-cinnamaldehyde yield not only to 
OH
OH
+ O2
OH
O
+ HO2
OH
OH
+
OH
O
+HO2 H2O2
(7.4) 
(7.5) 
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catechol conversion but also to the formation of oxygen-containing species. Based on 
figure 7.2, cis-cinnamaldehyde yields are higher at lower residence time and this yield 
decreases as residence time increases. At 1.05 seconds, cis-cinnamaldehyde accounts for 
10.7% of the catechol fed into the reactor but at 7.36 seconds, cis-cinnamaldehyde is less 
that 0.92%. This indicates that the formation of cis-cinnamaldehyde occurs during the 
initial stages of catechol conversion. As residence time increases, secondary reactions 
become more dominant and the cis-cinnamaldehyde yield decreases. This suggest that 
cis-cinnamaldehyde undergoes secondary reactions and acts as an intermediate in the 
formation of other major species from the partial oxidation of catechol.  
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Figure 7.2 Yield/residence time profile of cis-cinnamaldehyde under 
partially oxidative environment (1540 ppm O2). 
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Although potentially relevant during the formation of major species, specific 
details of cis-cinnamaldehyde formation are missing from biomass oxidation studies. A 
recent catechol study, however, suggests that the formation of benzoquinone is an 
important intermediate in the formation of oxygen-containing species.
11
 According to 
Lomnicki, et al.,
11
 hydroxy-substituted phenoxy radicals undergo keto-enol tautomerism 
followed by H elimination and benzoquinone formation. Due to the low stability, 
benzoquinone rapidly undergoes secondary reactions and converts completely into other 
oxygen-containing species.
12
 In this study, the most likely route of cis-cinnamaldehyde 
from catechol requires benzoquinone as an intermediate in the reaction (reaction 7.6). 
The significant increase in cis-cinnamaldehyde formation is an indication that 
benzoquinone formation is dependent on some of the pathways enhanced by oxygen’s 
presence. The pathway proposed to produce benzoquinone (reaction 7.6) involves the 
hydroxy-substituted phenoxy radicals that, from reactions 7.4 and 7.5, are enhanced by 
molecular oxygen and oxidative radicals.  Benzoquinone are then proposed to undergo 
self-addition reactions followed by CO elimination and produces cis-cinnamaldehyde. 
Since oxygen’s presence favors benzoquinone formation, it also promotes the formation 
cis-cinnamaldehyde. This is evident in the significant increase in cis-cinnamaldehyde 
from a maximum of 4.39% by mass of the fed catechol in pure pyrolytic conditions to the 
maximum of 10.75% in 1540 ppm O2 conditions.  
 
 
 
 
OH
O
-H
O
O
(7.6) 
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The yield/residence time profile of cis-cinnamaldehyde (Figure 7.2) also shows a 
steady decline that starts from the lowest residence time of 1.05 seconds to the highest 
performed residence time, 7.36 seconds. This behavior is usually the result of secondary 
reactions that are most likely occurring and consumes more cis-cinnamaldehyde as the 
residence time increases.  
 Secondary reactions of cis-cinnamaldehyde are most likely involved in the 
formation of trans-cinnamaldehyde and 1-indanone. These involve isomerization 
reactions, such as cis-trans isomerization and ring closure isomerization of cis-
cinnamaldehyde to produce trans-cinnamaldehyde and 1-indanone, respectively. 
In addition to cis-cinnamaldehyde isomerization, direct routes from catechol can 
also produce trans-cinnamaldehyde and 1-indanone. However, Figures 7.3 and 7.4 
exhibit trends that do not support direct formation from catechol. Both trans-
cinnamaldehyde and 1-indanone profiles exhibit initially low yields that increase with 
residence time. This type of profile is consistent for products produced in secondary 
reactions and is in contrast to the profile observed in their cis-cinnamaldehyde isomer. 
Instead of the direct pathway from catechol, trans-cinnamaldehyde and 1-indanone are 
most likely produced as secondary reaction products involving major catechol conversion 
products most likely from cis-cinnamaldehyde. 
O
O
O
O
+
O
-3CO (7.7) 
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Figure 7.3 Yield/residence time profile of 1-indanone under partially 
oxidative environment (1540 ppm O2). 
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Figure 7.4 Yield/residence time profile of trans-cinnamaldehyde under 
partially oxidative environment (1540 ppm O2). 
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Isomerization is most likely the pathway involved in the formation of trans-
cinnamaldehyde and 1-indanone from cis-cinnamaldehyde. Isomerization can include cis-
trans isomerization that produces trans-cinnamaldehyde, and cyclization that produces 1-
indanone. Conversion from the less stable cis-cinnamaldehyde isomer into trans-
cinnamaldehyde and 1-indanone, is thermodynamically favored based on calculated heats 
of formation. Using semi-empirical quantum mechanical calculations with PM3, the heat 
of formation of cis-cinnamaldehyde, trans-cinnamaldehyde, and 1-indanone are 6.27 
kcal/mole, 3.73 kcal/mole, and -18.02 kcal/mole, respectively. This makes cis-
cinnamaldehyde—the initial product from catechol—the least stable of these isomers 
followed by trans-cinnamaldehyde then 1-indanone. Thermodynamic preference towards 
1-indanone is exhibited by higher yields at longer residence times. For cis-
cinnamaldehyde, the high initial yield suggests that it is a kinetic product of catechol that 
undergoes secondary reactions to produce its more stable isomers. 
7.2.3 Effects on Phenol, Benzene, and Cyclopentadiene Formation 
 A number of different studies demonstrated the potential roles of aromatics in the 
formation of large PAH through mostly radical-based mechanisms.
13
 In these studies, 
benzene and cyclopentadiene formation are recognized as the necessary steps towards the 
formation of PAH.
14
 In catechol pyrolysis studies, one of the intermediates associated 
with the formation of both benzene and cyclopentadiene is phenol. 
During the partial oxidation of catechol, phenol also shows a significant initial 
yield (0.14%), which!like cis-cinnamaldehyde!is an indication that it is an initial 
product of the conversion of catechol. This observation also supports previous 
suggestions that catechol directly produces phenol (reaction 7.2) through OH substitution 
 109 
by an H atom. Formation as a primary product from catechol conversion explains 
phenol’s relatively higher yields at the lower residence times. As residence time 
increases, phenol undergoes secondary reactions and reduces its yields.
15
 However, 
catechol conversion via H-elimination also increases with residence time.  This favors 
phenol formation as the reaction proceeds and while secondary reactions consume more 
phenol at higher residence times. As a result of the opposing effects, the yield/residence 
time profile of phenol show moderately increasing yields from 0.14% of the fed catechol 
at 1.05 seconds to 0.29% at 7.36 seconds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The secondary reactions that consume phenol include the pathways that can lead 
to benzene and cyclopentadiene formation. 
10,15-17
 The substitution of OH by an H atom 
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Figure 7.5 Yield/residence time profile of phenol under partially 
oxidative environment (1540 ppm O2). 
OH
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produces benzene (reaction 7.9) while H elimination followed by CO elimination 
produces cyclopentadiene (reaction 7.10). Benzene and cyclopentadiene formation 
accounts for the various PAH produced during the pyrolysis of phenol. 
 
  
 
 
 
 
 
 
Dependence of benzene and cyclopentadiene on phenol formation, which was 
proposed in a number of studies,
18
 suggests that phenol is an important component in the 
formation of PAH from catechol. This is more relevant under pure pyrolytic conditions 
where H atom concentration is high and phenol formation is significantly favored. Under 
oxidative conditions, however, H atoms are consumed by oxidative radicals and 
molecular oxygen.
8
 As a result, phenol yield decreases, from a high of 1.25% at 600 °C 
and 7.36 seconds in pyrolytic conditions to 0.29% under oxidative conditions. The 
observed decrease in phenol formation, however, did not reduce benzene and 
cyclopentadiene yields. Instead, both benzene and cyclopentadiene yields are higher 
when oxygen is presence. At 7.36 seconds for example, benzene and cyclopentadiene 
yields increase from 0.32% to 1.89% and from 0.21% to 0.41% of the mass percent of the 
fed catechol, respectively.  It is possible that the oxidative environment enhances the 
OH
+ OH
OH
O
+ H
O
+ CO
(7.8) 
(7.9) 
(7.10) 
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decomposition of phenol into benzene and cyclopentadiene as a result of enhanced H 
elimination and OH substitution. 
 
 
 
 
 
 
 
 
 
 
 
 
7.2.4 Effects on 1,3-Butadiene and Vinylacetylene Formation 
The most abundant hydrocarbon produced during catechol pyrolysis is the C4 
product, 1,3-butadiene. Along with vinylacetylene, the high concentration of C4 species 
indicates the relevance of C4 components in the conversion of catechol and in the 
formation of catechol pyrolysis products. Under oxidative conditions, the formation of 
the C4 products is expected to increase as a result of enhancing the formation of the 
precursor species, hydroxy-substituted phenoxy radicals. Hydroxy-substituted phenoxy 
radicals have been suggested important in catechol pyrolysis as a route that produces 1,3-
butadiene and vinylacetylene.
18
 The results, however, showed that oxygen decreases 1,3-
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Figure 7.6 Yield/residence time profile of benzene under partially 
oxidative environment (1540 ppm O2). 
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butadiene and vinylacetylene yields. At the residence time of 7.36 seconds, for example, 
1,3-butadiene and vinylacetylene yields are 0.45% and 0.16% of the mass of fed catechol, 
respectively. These yields are significantly lower than in pure pyrolytic conditions that 
showed yields of 1.45% and 0.62% for 1,3-butadiene and vinylacetylene, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Since oxygen decreases the formation of C4 species even when the conditions are 
favorable for the production of more hydroxy-substituted phenoxy radical precursors, 
other catechol conversion pathways are most likely favored over H elimination. The 
identification of these pathways require observing other major products from catechol 
oxidation and determine which products are enhanced and uses up a higher fraction of the 
catechol feed. 
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Figure 7.7 Yield/residence time profile of cyclopentadiene under 
partially oxidative environment (1540 ppm O2). 
 113 
 
  
 
 
   
 
 
 
 
 
 
 
 
 
 
 
Figure 7.8 Yield/residence time profile of 1,3-butadiene under 
partially oxidative environment (1540 ppm O2). 
Figure 7.9 Yield/residence time profile of vinylacetylene under 
partially oxidative environment (1540 ppm O2). 
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7.2.5 Effects on Styrene and Phenylacetylene Formation 
During the formation of PAH from potential precursors, addition reactions are 
most likely involved in the formation of the first aromatic ring and in the growth of the 
PAH. The initial step in the growth of the PAH is most likely the addition reactions of the 
phenyl radical precursors. Phenyl radicals are produced from the H abstraction of 
benzene, from the OH elimination of phenol, C3 condensation or from the C4+C2 
additions. The formation of phenyl radicals is an important first step in PAH growth since 
it represents the first aromatic ring that can undergo the successive steps of addition 
reactions. 
The addition reactions involving phenyl radical precursors have mostly been 
emphasized on C2 additions through the hydrogen-abstraction-acetylene-addition 
mechanism (HACA).  In the HACA mechanism, acetylene or C2 species, in general, are 
added on to the aromatic radical. For phenyl, this results to the formation of a vinyl-
substituted intermediate. Following H addition, the intermediate becomes the stable 
styrene product. Phenylacetylene can also be formed when, instead of H addition, the 
intermediate undergoes H elimination. The radical intermediate may also undergo C2 
addition and produce larger species, the first of which is naphthalene. 
 
 C C
(7.12) 
OH
O
OH O
C C C C (7.11) 
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Based on the results presented in Figure 7.10, the mechanisms of benzene and 
styrene formation are related on the similarities in their yield/residence time profiles. 
Benzene is either the precursor of or shares a common precursor to styrene. Such 
relationship explains the yield/residence time profiles, which both show initial product 
formations at 3 seconds that steadily increase with residence time. This similarity is 
attributable to the dependence of their formation on the phenyl radical precursors. Phenyl 
radicals—produced from phenol and from addition reactions involving C2-C4 
species
17,19,20
—can either stabilize via H addition to produce benzene or undergo 
acetylene addition to produce vinyl-substituted phenyl radical. The vinyl-substituted 
phenyl radical, in turn, undergoes H addition or H elimination to produce styrene and 
phenylacetylene, respectively.  
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Figure 7.10 Yield/residence time profile of styrene under 
partially oxidative environment (1540 ppm O2). 
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Since benzene, styrene and phenylacetylene formations are dependent on phenyl 
radicals, the effects of residence time on the formation of the intermediate is most likely 
to explain any similarity in the trends of the yield/residence time profiles and the effect of 
oxygen’s presence. In the yield/residence time profiles, benzene, styrene and 
phenylacetylene show similarities in both the absence and in the presence of oxygen. The 
presence of oxygen is also shown to increase styrene and phenylacetylene yields from 
0.5% to 2.5% and 0.1% to 1.8% of the mass of the fed catechol, respectively. These 
effects are similar to the increase in benzene yields form 0.32% in pyrolytic conditions to 
1.89% under oxidative conditions. 
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Figure 7.11 Yield/residence time profile of phenylacetylene under a 
partially oxidative environment (1540 ppm O2) at 600 °C from 1.05 
seconds to 7.36 seconds. 
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7.2.6 Effects on the Formation of Polycyclic Aromatic Hydrocarbons 
Several kinds of PAH were observed in the experiments, including oxygenated-
PAH, benzenoid PAH, and cyclopentafused-PAH. The oxygenated PAH are made mostly 
of 9-fluorenone, dibenzofuran and benzofuran. Benzenoid PAH includes naphthalene, 
anthracene, phenanthrene, and pyrene. Cyclopentafused-PAH includes acenaphthylene 
and acenaphthene. Among these types of PAH, cyclopentafused aromatics are the highest 
in yield, comprising at most 2.4 % of the mass of fed catechol. In formation studies, PAH 
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Figure 7.12 Yield/residence time profiles of the summed yields of (a) benzenoid PAH, 
(b) cyclopentafused-PAH and (c) oxygenated aromatics under a partially oxidative 
environment (1540 ppm O2) at 600 °C from 1.05 seconds to 7.36 seconds. 
(a) (b) (c) 
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is usually associated to addition reactions, the most widely accepted of which is the 
acetylene addition mechanism.
21
 Since PAH is generally more stable than most of its 
precursors, longer residence times would produce more PAH, which are the 
thermodynamically preferred products. In addition to thermodynamic preference, both 
oxygen concentration and temperature conditions are generally in favor of radical-pool 
enhancements, which means the presence of more radical precursors of the PAH.
9
 The 
trends shown in the summed yields are consistent with this type of mechanism, wherein 
the PAH show higher yields as the residence time increases within certain ranges.  
 The effects of longer residence times on PAH yield show an increasing trend that 
are attributable to higher stability over labile intermediates.
22
 The trends, however, 
changes for the benzenoid and the cyclopentafused-PAH. At residence times greater than 
4.9 seconds, oxidation of major precursors, that include acetylene and phenyl radicals, are 
most likely favored. This decreases the yields of the benzenoid and cyclopentafused-PAH 
while at the same time, yields of the oxygen-containing aromatics increase. 
7.3 Summary 
 The effects of residence time on catechol conversion and product formation in the 
presence of 1540 ppm of O2 demonstrates the effects of molecular oxygen and oxidative 
radicals on different catechol reaction pathways. Significantly affected by oxygen’s 
presence are species like phenol, 1,3-butadiene, vinylacetylene, benzene and 
cyclopentadiene, which are directly and indirectly dependent on the concentration of free 
H atoms. The results show significant decrease in phenol, 1,3-butadiene and 
vinylacetylene yields and drastic increase in the yields of benzene, cyclopentadiene and 
the oxygenated aromatics. The residence time profiles for the oxygenated aromatics, 
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including 1-indanone and the cinnamaldehydes, show the dependence of the 
benzoquinone-formation pathway on the presence of oxygen and oxidative radicals. On 
the PAH yields, the presence of oxygen show minimal effects on the yields that is 
attributable to the reduction in the H atom concentration and the increase in the 
concentration of precursor radicals, such as the C2-C4 radicals. 
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Chapter 8 
The Effects of Calcium Carbonate on 1,3-Butadiene Pyrolysis 
 
 
8.1 Introduction  
 
During the utilization of solid and liquid fuels, a mixture of various components 
are initially produced that can initiate secondary reactions and act as the building blocks 
to the formation of larger species including the polycyclic aromatic hydrocarbons 
(PAH).
1-3
 The formation of PAH is a concern from fuel utilization due to the inherent 
carcinogenecity and mutagenecity associated with exposure. In addition to health 
concerns, PAH is also a known precursor of soot, a ubiquitous industrial and 
transportation pollutant that can induce respiratory and other health-related problems.  
In order to elucidate PAH formation from solid fuels, potential building blocks 
were investigated in various studies that involved shock-tube experiments, flame studies, 
and flow-reactor experiments. These experiments were performed on methane, ethylene, 
acetylene, 1,3-butadiene, benzene, and other aliphatic and aromatic fuels.
4-14
 A number of 
these studies demonstrate the significance of C1-C6 species in the formation of lighter 
species, i.e. methane, ethylene and acetylene. The C1-C6 species were also found to 
undergo addition and condensation reactions, which are associated with the formation of 
large species like the PAH.
1
 The formation of various species from experiments on the 
C1-C6 species reveals their role as intermediates in the formation of other species 
especially since C1-C6 species are among the initial products formed during the pyrolysis 
and combustion of solid fuels. As initial reaction products, C1-C6 species can undergo 
secondary reactions and produce species larger aromatics, i.e. the PAH, where aliphatic 
hydrocarbons are known building blocks to PAH formation.
1,15
 The role of the C1-C6 
 122 
species in the formation of PAH from solid fuels was demonstrated in the works of 
Thomas (2009) where the presence of 1,3-butadiene result in significantly higher PAH 
yields during the pyrolysis of the solid fuel compound, catechol.
16
 In this chapter and in 
the next, the role of 1,3-butadiene is investigated to determine its role in the formation of 
products from solid fuels. 
In investigating the role of 1,3-butadiene in product formation, several studies 
were performed that investigates details of the pyrolysis and oxidation using 
experimental
17
 and kinetic models.
18
 In solid fuels, however, the effects from 
heterogeneous reactions are to be considered since these significantly affects product 
formation in combustion and in pyrolytic reactions. Heterogeneous reactions are the 
results of the interactions between the aromatic and aliphatic reactants with the inorganic 
components. Solid fuels inherently contain several inorganic components!from sulfates, 
oxides, and carbonate of alkaline earth and transition metals. From previous chapters, one 
of the most abundant and significant in solid fuels is calcium carbonate. In this study, the 
effects of 1,3-butadiene on solid fuels are investigated through experiments performed in 
the flow-reactor in the presence of the inorganic solid, calcium carbonate.  
8.2 Methodology 
The flow reactor discussed in previous chapters is used in all the experiments 
performed in this study. Instead of using the catechol feed used in previous chapters, the 
fuel feed is composed of 1,3-butadiene through a 1320-ppm mixture with nitrogen 
(99.9% grade). The butadiene-nitrogen mixture is introduced at a flowrate adjusted by an 
Alicat mass flow controller to maintain the 7.36-second residence time for the gas 
mixture flowing inside the reactor.  
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The reactor is constructed from a 1-cm diameter quartz tube that is vertically 
oriented and is temperature-regulated inside a LindBerg BlueM 1200C furnace. At three 
inches from the outlet end of this 18-inch reactor, a 1-inch layer of quartz wool support 
(Leco) is inserted. For experiments performed in the presence of CaCO3, the quartz wool 
supports is loaded with a 25-mg layer of CaCO3 placed exactly between two !-inch 
quartz wool layers. For those experiments performed without CaCO3, a 1-inch layer is 
instead inserted into the same location. The experiments are performed at 400 to 600 °C, 
which is the same temperature range performed in previous chapters. The species 
obtained at the reactor’s outlet end are the results of the reactions of 1,3-butadiene at the 
reactor temperature and their heterogeneous interaction with calcium carbonate.  
Collection of the species produced from the reactions requires attaching a 
collection system at the end of the reactor. For collecting the gas phase products, a 5-L 
Teflon gas-sampling bag is used for sampling and a gas chromatograph with flame 
ionization detector (GC-FID) for the separation and analysis of individual gas-phase 
species. For those components that condense at room temperature, a solvent trap system 
of dichloromethane (DCM) is utilized. Samples collected in the condensed-phase 
sampling system are then processed in a Kuderna-Danish evaporator. A fraction of the 
resulting solution is analyzed in a gas chromatograph with flame ionization and mass 
spectrometric detectors (GC-MS//FID). The remaining portion is solvent-exchange from 
DCM into dimethylsulfoxide (DMSO) by a nitrogen purge apparatus. The resulting 
samples are then analyzed using a high performance liquid chromatograph with 
ultraviolet-visible detectors (HPLC-UV/Vis-DAD). A more detailed description of the 
chromatographic analyses and the sample preparations are mentioned elsewhere.
19-21
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8.3 Results and Discussion 
The pyrolysis of 1,3-butadiene have been known to produce C1-C6 species in 
experiments that were performed using shock tube reactors
18
 and kinetic models.
10
 Thus, 
1,3-butadiene conversion profile in figure 8.1 is most likely to indicate the extent of 
formation of the C1-C6 species. Figure 8.1 shows the conversion/temperature profile of 
1,3-butadiene that can elucidate the role of 1,3-butadiene on catechol pyrolysis at the 
lower temperature range (400-600 °C). As the temperature increases, 1,3-butadiene 
conversion also increases from 0.05% to 0.95% of the fed 1,3-butadiene in pyrolysis with 
quartz wool. The conversion increases slightly in the presence of CaCO3 and results in 
conversion with the same profile that increases from 0.13% to 1.04%.  
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Figure 8.1 The effects of CaCO3 on the conversion of 1,3-butadiene 
during pyrolysis in the presence (  ) and absence (  ) of calcium 
carbonate. 
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Throughout the experiment, conversion in all cases remains lower than 2% of the 
1,3-butadiene feed. The low conversion shows that the heterogeneous interactions 
between gas-phase components and inorganic solids are mostly between the CaCO3 
particles and the unreacted 1,3-butadiene. Thus, most of the effects of the inorganic solids 
that are observed!in product formation and 1,3-butadiene conversion!are due to the 
butadiene-calcium carbonate interaction. 
Based on the results from calcium studies,
22
 the propensity of the metal center 
towards electrons—especially the " electrons—results in higher conversions as the 
interaction enhances the probability of collision between 1,3-butadiene and other 
adsorbed species. In catalysis, the formation of a butadiene-surface intermediate can 
explain the higher conversion with the lowering of the energy of activation. Activation 
energy calculated for 1,3-butadiene at this condition show a slight decrease from 36 
kcal/mol to 30 kcal/mol in the activation energy of 1,3-butadiene as a result of the 
interactions between CaCO3 and butadiene molecules. Since the decrease in activation 
energy is less significant in 1,3-butadiene than the decrease observed in catechol, the role 
of 1,3-butadiene on the catalytic effects of CaCO3 are less dependent on the solid’s 
interaction with 1,3-butadiene. Instead, the catalytic effects of CaCO3 observed during 
catechol pyrolysis!and solid fuels in general!are related to interactions with other 
components. It is also possible that instead of directly affecting 1,3-butadiene conversion, 
calcium carbonate’s catalytic actions are on the intermediates and species produced from 
1,3-butadiene decomposition. In this case, 1,3-butadiene decomposition is required 
before any catalytic actions are observed. In order to determine the presence of such 
interactions, the effects of CaCO3 on the pathways of 1,3-butadiene conversion are 
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investigated. Several conversion pathways have been suggested in a number of 1,3-
butadiene studies, and identifying the effects of CaCO3 on these pathways requires 
investigating the individual species produced in each pathway.  
One of the products of 1,3-butadiene affected by the presence of CaCO3 in 
catechol studies is vinylacetylene, C4H4. In catechol pyrolysis, 1,3-butadiene and 
vinylacetylene formation occurs through similar pathways from a common butadienyl 
precursor. In 1,3-butadiene pyrolysis, the formation of vinylacetylene is most likely the 
result of H elimination or dehydrogenation of butadiene (reaction 8.1).  Since calcium 
compounds are known for enhancing the scission of weak C-H bonds,
22
  the interaction 
between 1,3-butadiene and CaCO3 is most likely to enhance vinylacetylene formation 
(Figure 8.2). Without the gas-solid interactions between 1,3-butadiene and CaCO3, only 
negligible quantities of vinylacetylene are produced even in temperatures with significant 
1,3-butadiene conversions. The result indicates that C-H bond scissions are negligible 
under calcium-free conditions. 1,3-Butadiene conversions are most likely from the 
scission of C-C bonds scissions and also from addition reactions. Although only a small 
fraction of 1,3-butadiene (0.10%) becomes vinylacetylene, its formation is proof of the 
role of CaCO3 in enhancing C-H bond scissions. In other reactor systems where the feed 
conversion is higher, i.e. in catechol reactions, enhanced C-H bond cleavage also 
increases the surface H atom concentration. Higher surface H atom concentration can 
subsequently affect the formation of other species, particularly the yields of species that 
react with free H atoms during formation. However, because 1,3-butadiene conversion is 
minimal, the dominating gas-solid interaction occurs between 1,3-butadiene and CaCO3. 
Therefore the effects observed in product yields are the result of butadiene-CaCO3 
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interactions. Minimal interactions exist between calcium carbonate’s surface and the 
other reaction products. As a result, the effect of H atom concentration on product 
formation is not as significant as the effects observed in catechol experiments where 
other interactions are present. 
The types of interactions found on calcium carbonate’s surface are dependent on 
two major active sites. One of these active sites is the metal center, which in CaCO3 is the 
electropositive Ca
2+
. The Ca
2+
 center is known for its propensity towards radical species 
and " electrons.
22
 As a result of the interaction, species containing sp
2
 and sp hybridized 
carbons are adsorbed favorably on the surface and in turn, enhances surface-mediated 
reactions of the adsorbed components. This increases the preference for products formed 
directly from the adsorption of 1,3-butadiene. 
 
  
 
 
 
 
 
 
 
 
 
 
CaCO3/quartz wool 
quartz wool 
Figure 8.2 Yield/temperature profiles of vinylacetylene produced during 
1,3-butadiene pyrolysis in the presence (  ) and absence (  ) of calcium 
carbonate. 
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The surface-mediated reactions of 1,3-butadiene include bond scissions, such as 
the scission of C-H bonds and C-C bonds. The effects of CaCO3 on the yields of 
methane, ethylene, acetylene, and propene yields reveal the effects of CaCO3 on C-C 
bond scissions. Scission of 1,3-butadiene’s C-C bonds are surface-mediated as a result of 
the propensity of the electropositive Ca
2+
 centers towards " electrons. In 1,3-butadiene, 
both terminal C-C bonds contain "-electrons that butadiene’s terminal ends are attracted 
to the active sites of calcium carbonate. Attraction at the terminal ends of 1,3-butadiene 
weakens C2 and C3 carbon bonds and results in enhanced C-C bond cleavage. As a result, 
it is expected that 1,3-butadiene adsorption will produce vinyl-surface intermediates. The 
vinyl-surface intermediates are precursors of the C2 species that include ethylene and 
acetylene, which have been suggested as products of 1,3-butadiene through reaction 8.2. 
Figure 8.3 shows the increase in ethylene yields from 0.10% to 0.12% and the formation 
of 0.018% ethylene when CaCO3 is present. The figures clearly show higher ethylene 
yields than acetylene, which!like vinylacetylene!is produced only in the presence of 
CaCO3. The difference between the behavior of ethylene and acetylene yields suggests 
that ethylene formation is separate and independent from acetylene formation. Ethylene is 
clearly the more favored product based on the higher yields and is most likely the result 
of C-C bond scission of 1,3-butadiene (reaction 8.2). Meanwhile, acetylene!in a 
separate mechanism!is the result of the C-C scission of vinylacetylene. The similarity 
between the yield/temperature profiles of acetylene and vinylacetylene provides evidence 
-2H (8.1) 
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of common or related pathways of formation. A similar relationship can be observed 
between 1,3-butadiene and ethylene. The similarity between these profiles correlated 
ethylene formation to 1,3-butadiene conversion; and acetylene formation to 
vinylacetylene. These observations show that enhanced C-C bond scission occurs to both 
1,3-butadiene and vinylacetylene. 
 
 
 
In addition to C-C and C-H bond scissions, isomerization of 1,3-butadiene can 
also occur and produce most of the C1 and C3 species after scission of the resulting 
isomer. The results obtained in different kinetics and shock tube studies are consistent 
with mechanisms that are related to the isomerization of 1,3-butadiene into 1,2-butadiene 
and 2-butyne before C-C bond scission in the formation of methane and the C3 
species.
18,23,24
 Enthalpies calculated from these studies are summarized in figure 8.4 and 
leans towards the formation of a 2-butyne (8.5 kcal/mol) isomer than 1,2-butadiene (12.5 
kcal/mol) based on the significantly lower energy requirement. Both isomers, however, 
are less stable species compared to 1,3-butadiene that their formation is immediately 
followed by secondary reactions or conversion back to 1,3-butadiene. Secondary 
reactions involving these intermediate species involve C-C bond scission that produces 
methane and C3 species (reaction 8.4, 8.5). The lack of propadiene among the C3 products 
shows that reaction 8.5 is not favored. This is consistent with the calculated enthalpies 
that show 1,2-butadiene formation, and therefore propadiene, is not kinetically preferred 
route. 
+ (8.2) 
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Figure 8.4 Energy diagram showing activation energies for the conversion of 1,3-
butadiene into intermediates of C1 and C3 species. 
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(b) 
 
Figure 8.3 Yield/temperature profiles of ethylene (a), and acetylene (b) from 
1,3-butadiene pyrolysis in the presence (  ) and absence (  ) of calcium 
carbonate. 
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The yield/temperature profiles of methane and propene in figure 8.5 suggest a 
dependent or related formation pathway. Such similarity in the yield/temperature profiles 
is supported by the proposed decomposition routes (reaction 8.3) that involve the 
isomerization of 1,3-butadiene into 1,2-butadiene and 2-butyne isomers. 
 
 
 
 
 
In addition to providing the necessary information for investigating pathways of 
1,3-butadiene decomposition, the yield/temperature profiles of methane and propene also 
provide an insight on the interactions between 1,3-butadiene and CaCO3.  The profiles 
distinctively show similarities in terms of the effects of CaCO3 on the yields of both 
species. The similarity in yield/temperature profiles appears consistent for effects to a 
common precursor. In the case of producing methane and propene, the C4 isomer 
intermediates that include 1,2-butadiene and 2-butyne are the potential intermediates of 
methane and propene. The effects on the formation and conversion of these intermediates 
are responsible for any correlation observed between the presence of CaCO3 and the 
yields of methane and propene.  
CH3 +
CH3 + HC C CH2
(8.4) 
(8.5) 
(8.3) 
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 The collisions between 1,3-butadiene and other species result in unimolecular 
addition reactions. Since 1,3-butadiene is the highest in concentration at the calcium 
carbonate’s surface, most, if not all, the unimolecular addition that occurs on the surface 
of the inorganic solid involves 1,3-butadiene. In this study, the most abundant species 
produced from unimolecular additions are benzene and cyclopentadiene whose presence 
are indication of the types of the unimolecular addition reactions (reaction 8.6-8.8) and 
the role of other light aliphatic hydrocarbons in secondary reactions.  
The result (Figure 8.5) also shows the significant variation between the yields of 
both species. Benzene, at 0.17% of the feed, is produced in significantly higher quantities 
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Figure 8.5 Yield/temperature profiles of methane (a) and propene (b) from 
1,3-butadiene pyrolysis in the presence (  ) and absence (  ) of calcium 
carbonate. 
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than cyclopentadiene, which is produced at 0.012%. Although both species are produced 
in similar addition reactions, the significant difference in yields indicates the preference 
for the benzene formation pathway over the routes that produce cyclopentadiene. Since 
1,3-butadiene is most likely directly involved in their formation, the production of 
benzene is most likely through C2 addition of 1,3-butadiene or butadienyl precursor 
(reaction 8.6-8.7). Cyclopentadiene is most likely produced in a similar manner, however, 
instead of C2 addition, methane and methyl radicals are most likely involved.  
Although both are produced from addition reactions, the yields of both species 
and the effects of CaCO3 on their yields vary significantly. In pure quartz wool, 7.36 
seconds and 600 
o
C, for example, benzene is produced at 0.14% of the feed while 
cyclopentadiene under the same condition is not detected at all. This difference makes it 
most likely that benzene and cyclopentadiene formation are not directly related. The yield 
profiles of both species also show the closer relation of 1,3-butadiene conversion to 
benzene yields, and vinylacetylene formation to cyclopentadiene yield Thus, it appears 
likely for cyclopentadiene formation to result from the methyl addition of vinylacetylene 
or a related intermediate rather than the methyl addition of 1,3-butadiene.  
 
 
 
 
 
 
 
+ -H
+ -2H
2
(8.6) 
(8.7) 
(8.8) 
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Aside from cyclopentadiene, another species produced from addition reaction is 
benzene, which is the product from calcium carbonate-free 1,3-butadiene pyrolysis with 
the highest yield. Due to its relevance in the formation of PAH and other aromatic 
species, several studies have been performed!through shock tube and kinetic modeling 
studies!to establish the role of benzene from 1,3-butadiene in the formation of 
PAH.
13,25,26
 Based on these studies, benzene formation from 1,3-butadiene takes place in 
either of these pathways; (1) C2 addition via reactions related to the hydrogen abstraction 
acetylene addition (HACA) mechanism (reaction 8.6),
27,28
 (2) acetylene cycloaddition or 
Diels-alder mechanism (reaction 8.7), and (3) C3H3 + C3H3 reaction (reaction 8.8). Diels-
alder mechanism was suggested in several studies
29
 however  kinetic simulations proved 
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Figure 8.6 Yield/temperature profiles of benzene (a) and cyclopentadiene 
(b) from 1,3-butadiene pyrolysis in the presence (  ) and absence (  ) of 
calcium carbonate. 
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this is unlikely due to the high energy barrier required for the reaction to take place.
30,31
 
In a related study, comparable contributions from the C2 addition mechanism and the 
C3H3 + C3H3 pathway have been proposed as the dominant step in the formation of 
benzene from 1,3-butadiene.
26
 In this study, both ethylene and propene yields are 
significant, which indicates that C2 and C3 species are potentially relevant to benzene 
formation. C3 species, however, require another C3 species (reaction 8.8) to produce 
benzene. The low C3 yields, however, indicates that this situation is not likely given that 
the conditions are not suitable for 1,3-butadiene conversion to occur and even less likely 
for the conversion to produce C3 building blocks. In contrast, C2-based mechanisms 
(reactions 8.6, 8.7) directly involves 1,3-butadiene, which along with the C2 species, are 
the most abundant species present under the given conditions of 1,3-butadiene pyrolysis. 
8.4 Conclusion 
The pyrolysis of 1,3-butadiene from 400 to 600 
o
C was investigated to understand 
the role of 1,3-butadiene in catechol pyrolysis. The results are consistent for the role of 
calcium carbonate in enhancing the following reactions: (1) scission of the C-H bonds (2) 
scission of the C-C bonds, (3) isomerization of 1,3-butadiene to 2-butyne and (4) addition 
reactions. Since the formation of vinylacetylene and acetylene occurs only in the 
presence of CaCO3, their formation is most likely via a common precursor or through a 
similar pathway. Similarities in the yield/temperature profiles and effects of CaCO3 are 
also observed for 1,3-butadiene and ethylene, which supports the proposed 1,3-butadiene 
conversion via scission of the sp
3
 C-C bonds. In addition to 1,3-butadiene, ethylene, 
vinylacetylene, and acetylene, lighter aliphatic species like methane and propene are also 
detected. Based on an analysis of the energies of activation, methane and propene 
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formation occurs as a result of an initial 1,3-butadiene conversion into its 2-butyne 
isomer. Scission of the C-C bonds of 2-butyne contributes to methane and propene 
formation. In addition to C-C bond scissions, addition reactions are also observed as 
demonstrated by the formation of benzene and cyclopentadiene. 
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Chapter 9 
The Effects of Calcium Carbonate and 1,3-Butadiene  
on Catechol Pyrolysis 
 
 
9.1 Introduction  
 
  In the conversion and utilization of solid fuels, various components are initially 
produced as a result of the scission of aliphatic and oxygen-containing linkages that 
connects various structural components.
2-4
 Scission of these linkages are highly 
dependent on the reaction temperature. In most solid fuels, scission results in the 
formation of a mixture composed of different structural components. Coal, for example, 
contains macromolecules linked by oxidative linkages. During pyrolysis, combustion, 
and in coal-to-liquids conversion,
5
 the scission of the oxidative linkages liberates the 
phenolic, aromatic, and aliphatic structural components of coal. In addition, individual 
components can break into their respective moieties. Similar reactions are also observed 
in biomass fuels, which include wood, lignin, and organic wastes.
6-8
 These reactions yield 
similar results as coal and the formation of various species introduces complexities in 
solid fuel studies.  Complications introduced by these complexities include correlation of 
individual products to specific reaction pathways. Such undertaking requires an extensive 
analysis among the individual interactions formed during the initial decomposition of the 
solid fuel.
9
 Instead of considering all the individual components from the initial 
decomposition of solid fuels, only the most reactive components can be explored and 
investigated to minimize any complication and simplify the analysis.  
 One of the reactive species produced during the initial decomposition of solid 
fuels are the phenolic components. Oxygen-containing species like phenol are relatively 
  139 
more reactive than other components and are considered important in the liquefaction of 
coal and biomass. During pyrolysis, the presence of these oxygenated species lowers the 
temperature where the conversion of solid fuels occur.
10,11
 Investigating the role of the 
oxygen-containing species is therefore tantamount to understanding liquefaction, 
pyrolysis, and combustion of solid fuels. In biomass studies, one of the most abundant 
and relevant oxygen-containing species is catechol (ortho-dihydroxybenzene),
10,12
 which 
makes this phenolic compound a suitable component for conducting biomass pyrolysis 
studies. 
 In addition to biomass, catechol is also suitable in investigating coal pyrolysis 
since catechol and coal show similar product profiles under pyrolytic conditions. The 
results are especially relevant in investigating the formation of polycyclic aromatic 
hydrocarbons (PAH)
13,14
 where their formation in coal, and in solid fuels in general, are 
considered as a major concern. The concern related to PAH formation is due partly to the 
inherent carcinogenecity and mutagenecity associated with exposure.
15
 
 The formation of PAH from solid fuels is the combined result of secondary and 
tertiary reactions. This involves the primary products from the conversion of the fuel, and 
interaction of these products with aromatic and aliphatic species. In solid fuels, one of the 
major species that can induce significant effects on product formation is 1,3-butadiene. 
1,3-Butadiene is the most abundant aliphatic component from catechol pyrolysis that is 
known to produce PAH building blocks. Its role as a PAH building block and abundance 
in environments surrounding solid fuels indicates the importance of understanding the 
role of 1,3-butadiene during the pyrolysis of the solid fuel compound, catechol  
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 In this chapter, the effects of 1,3-butadiene in the presence and in the absence of 
CaCO3 are investigated by analyzing both the conversion of catechol and the yields of 
major reaction products. The results from the previous chapter, which shows the effects 
of CaCO3 on the pyrolysis of 1,3-butadiene, are also examined in order to identify effects 
that are: (1) produced by the interactions between 1,3-butadiene and CaCO3, (2) results 
from the interactions between catechol pyrolysis products and CaCO3, and (3) produced 
by synergistic effects of having both 1,3-butadiene and CaCO3 during catechol pyrolysis. 
Isolating the effects of CaCO3, 1,3-butadiene, and the synergistic effects on product 
yields and catechol conversions requires extensive analysis of potential catechol reaction 
pathways. These were introduced in previous studies and discussed in preceding chapters. 
Experiments are also required in the analysis to produce comparisons between 
experiments performed: (1) under pure catechol pyrolysis, (2) catechol pyrolysis in the 
presence of CaCO3, (3) catechol pyrolysis in the presence of 1,3-butadiene, and (4) 
catechol pyrolysis with 1,3-butadiene and CaCO3. 
9.2 Methodology 
 The flow reactor described in previous chapters is utilized to investigate the role 
of 1,3-butadiene and calcium carbonate (CaCO3) during catechol pyrolysis To introduce 
1,3-butadiene into the reactor, a specialty gas containing 1320-ppm of 1,3-butadiene 
(99.9% purity) in nitrogen manufactured by AirGas Inc., is used as a carrier gas that 
substitutes the pure nitrogen used in prior catechol pyrolytic studies. Like in pyrolytic 
experiments, this carrier gas partially sublimes catechol at a constant concentration of 
0.20% of the mass of carbon from the fed catechol. The resulting gas mixture enters a 1-
cm diameter isothermal quartz tube reactor where temperature is maintained depending 
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on the experiment, from 400 °C to 600 °C. The reactor holds a mesh of quartz wool, 
which is placed 3 inches below the reactor’s exit end. The mesh can hold the inorganic 
solid, calcium carbonate, by inserting 25 mg. of 30-micron calcite powder between ! 
inch layers of quartz wool mesh. Insertion of calcium carbonate is performed in 
experiments where the results of the presence of the inorganic solid are analyzed. For 
those experiments conducted as control, only the quartz wool mesh is inserted.  
 In order to analyze the species produced during the reactions inside the quartz 
tube, condensed phase products and gas-phase components are first collected from the 
reactor’s outlet end.  In order to optimize collection, gas-phase and condensed phase 
samples are collected using different sampling systems in separate duplicate experiments. 
For the gas-phase samples, a 5-L Teflon sampling bag is utilized to obtain 3-L samples of 
the reactor exit gas. The condensed-phase samples, on the other hand, are sampled using 
a solvent trap system of dichloromethane (DCM). Gas-phase samples are analyzed using 
gas chromatography and non-dispersive infrared analyzers; while condensed phase 
samples are first processed and then analyzed in gas chromatography and liquid 
chromatography. Details of the steps involved in chromatographic analyses are described 
elsewhere and in the preceding chapters. 
 In this chapter, catechol pyrolysis experiments were performed using the 
following combination of carrier gas and inorganic solid: (1) absence of both 1,3-
butadiene and CaCO3, (2) 1,3-butadiene added in the carrier gas without CaCO3, (3) 
absence of 1,3-butadiene with CaCO3 inserted in the quartz wool bed, and (4) presence of 
both 1,3-butadiene and CaCO3. Systems (1) and (3) have been performed and discussed 
in an earlier chapter, Chapter 5. 
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9.3 Results and Discussion 
9.3.1 Catechol Conversion 
 Figure 9.1 presents the conversion/temperature profiles of catechol in butadiene-
free and butadiene-rich conditions in the absence and presence of CaCO3. In all cases, 
catechol conversion is temperature-dependent as shown by the increasing conversion that 
follows the increase in temperature. The rate of the increase and the profile, however, 
varies among the different carrier gas and inorganic solid conditions. This difference can 
only be attributed to the interactions possessed by 1,3-butadiene and CaCO3 with catechol 
and its products. In the presence of CaCO3, both the butadiene-free and butadiene-rich 
conditions show significant to moderate increase in the conversion over those 
experiments performed without CaCO3. Previous chapters have discussed this behavior 
as the result of enhancements in the scission of the phenolic O-H bond that results from 
the interactions between catechol’s ! electrons and calcium carbonate’s active sites.
16
 In 
addition to its effects on the scission of the O-H bond, CaCO3 is also observed to enhance 
the scission of C-C bonds, particularly the C-C bonds of the most abundant aliphatic 
component, 1,3-butadiene. Both enhancements of phenolic O-H bond scission from 
catechol and the C-C bond scission of 1,3-butadiene are potential effects that can 
contribute to the effects imparted by the presence of calcium carbonate on catechol 
conversion and product yields. 
 
 The magnitude of the effects of CaCO3 on catechol conversion is shown to vary in 
the presence of 1,3-butadiene. Under butadiene-free conditions, the presence of CaCO3 
consistently increases catechol conversion and results in the decrease of the activation 
energy from 46.4 kcal/mole to 25.9 kcal/mole. Decrease in activation energy is associated 
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to catalytic actions that result from the interactions between catechol and calcium 
carbonate’s surface. Under butadiene-rich environments, however, the effects of CaCO3 
on catechol conversion results in a different profile than the trends observed in butadiene-
free conditions. Instead of a first order type of catechol conversion profile produced in 
the butadiene-free conditions, the results under butadiene-rich conditions are evident of a 
temperature-dependent surface activity of calcium carbonate. The inorganic solid’s 
activity is therefore not consistent throughout the temperature range. It is observed to be 
at the highest at 500 
o
C, as shown by the maximum difference between the CaCO3 and 
quartz results. At 500 °C, conversion increases from 24.3% without CaCO3 to 58.5% 
when CaCO3 is present. This effect is higher than the increase observed in butadiene-free 
conditions that only show an increase from 27.6% to 38.4% at 500 °C. The presence of 
1,3-butadiene results in a 260% increase in surface activity at 500 °C. This, however, 
decreases significantly at 550 °C and 600 °C. At 600 °C, CaCO3 does not show any 
effects on catechol conversion whenever 1,3-butadiene is present. 
 
  To examine the effects of 1,3-butadiene on CaCO3 and to assess how the 
interaction affects the role of CaCO3 in enhancing catechol conversion, major routes of 
catechol decomposition, such as reaction 9.1, are investigated based on the yield profiles 
of catechol pyrolysis products.  In addition, the results from Chapter 8 are utilized to 
discern the effects that are produced from the interactions between CaCO3 and 1,3-
butadiene. The results of the pure butadiene experiments (Chapter 8) contain valuable 
information that relates enhanced butadiene conversion to enhancement in the formation 
of certain reaction products. 
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 Based on Chapter 8, the interactions between 1,3-butadiene and CaCO3 show 
insignificant effects at lower temperatures; above 500 °C, the interaction is shown to 
increase based on the higher effects on the yields of the formed products. In addition to 
the direct effects of 1,3-butadiene on product yields, secondary reactions can also affect 
the surface interactions occurring on calcium carbonate’s active sites. 
 Chapter 8 also shows that no substantial enhancement in product yields and 1,3-
butadiene conversion can be observed at temperatures below 500 °C. This is an 
indication that at this temperature range, minimal surface interaction exist between 1,3-
butadiene and CaCO3. Furthermore, the lack of interaction between 1,3-butadiene and 
CaCO3 can also explain the similarities in the activity of CaCO3 in both the butadiene-
free and butadiene-rich conditions at temperatures below 500 
o
C. As the temperature rises 
from 500 °C, the presence of 1,3-butadiene shows an increasing degree of enhancement 
on catechol conversion under butadiene-rich conditions than under butadiene-free 
conditions. At these temperatures, Chapter 8 has shown 1,3-butadiene undergoing the 
initial stages of bond scissions which results in the production of vinylacetylene, 
acetylene, ethylene, and methane, One of the products from butadiene decomposition that 
can greatly enhance catechol decomposition are the free H atoms. The formation of H 
atoms from 1,3-butadiene increases the surface H atoms and the probability of 
interactions between catechol and H atoms (reaction 9.2). As a result, catechol 
conversion increases along with the subsequent reaction products. The yields of species 
OH
OH
OH
O
-H (9.1) 
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that requires H atoms, such as the PAH, have also been observed to produce higher yields 
as well.  
  
 
 
 
  
 
 
 
 
 
 
 
 
At temperatures between 550 and 600 °C, the conversion/temperature profile 
shows the role of 1,3-butadiene in increasing the catechol conversion. In the absence of 
CaCO3, 1,3-butadiene increases catechol conversion from 38.5% to 51.2% at 550 
o
C and 
even more significantly at 600 
o
C when conversion increases from 45.9% to 84.9%. As 
discussed earlier, the presence of CaCO3 show lower activity under the butadiene-rich 
conditions than in butadiene-free conditions that at 600 
o
C, CaCO3 does not show an 
effect on catechol conversion in butadiene-rich conditions. Absence of any activity on the 
calcium carbonate in terms of catechol conversion in butadiene-rich conditions is most 
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Figure 9.1 Conversion/temperature profiles of catechol; in the presence of 
CaCO3 and 1300-ppm 1,3-butadiene (  ), in the presence of CaCO3 and 0 ppm 
1,3-butadiene (  ), in quartz wool and 1300-ppm 1,3-butadiene (  ), and   in quartz 
wool and 0-ppm 1,3-butadiene (  ). 
  146 
likely the result of saturation of the surface with 1,3-butadiene. The result shown in 
Chapter 8 for 1,3-butadiene on the surface of CaCO3 shows a condition where the 
catalytic effects on 1,3-butadiene conversion and product formation are high at 600 °C. 
This indicates high degree of interaction, and thus adsorption of large quantities of 1,3-
butadiene on the surface. Therefore in conditions where catechol is present in butadiene-
rich conditions, the calcium carbonate surface first becomes saturated with 1,3-butadiene 
and a lesser degree of interactions exist between catechol and calcium carbonate. As a 
result, no effects on catechol conversion can be observed. Instead of interactions with 
catechol, the adsorbed butadiene is most likely to participate in radical-radical 
interactions and the effects on these species are expected to increase significantly.  
9.3.2 Phenol Formation  
 One of the primary products from the conversion of catechol is phenol.
17
 It is 
formed as a result of the OH substitution of catechol by H atoms (reaction 9.2). H atoms 
are abundant during pyrolysis as a result of the initiation reaction (reaction 9.1) and as a 
consequence of the weak phenolic H bond (79.3 kcal/mole). Interaction with CaCO3 can 
also contribute by enhancing H-elimination of catechol that increases surface H atom 
concentration.
18
 
 
 
 
 Figure 9.2 shows the effects of temperature on phenol yields. As the temperature 
increases, phenol yield also increases. The rate of increase in phenol yield is enhanced in 
calcium carbonate’s presence. At 600 °C for instance, yield increases from 1.14% to 
OH
OH
OH
+H + OH (9.2) 
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2.49% in butadiene-free conditions and from 0.80% to 2.63% in butadiene-rich 
conditions as a result of calcium carbonate’s presence. Increase in phenol’s yield is most 
likely associated with the interactions between catechol and CaCO3 that favors phenol 
formation as a result of the role of CaCO3 in increasing the surface H atom concentration.  
In addition to the effect of CaCO3, Figure 9.2 also shows the effects of 1,3-
butadiene on phenol formation. The presence of 1,3-butadiene is observed to enhance 
phenol formation that at 550 °C, 2.1% of catechol forms phenol in butadiene-rich 
conditions compared to 1.2% under butadiene-free environment. Increase in the H atom 
concentration that results from the C-H bond scission of 1,3-butadiene is a possible 
source of free H atoms that can subsequently enhance phenol yields. C-H bond scission, 
as discussed in Chapter 8, is enhanced in the presence of CaCO3. As a result, the effect of 
CaCO3 on phenol yield is more significant under butadiene-rich conditions than in pure 
nitrogen conditions.  
 As an initial product from catechol decomposition, the effects of CaCO3 and 1,3-
butadiene on phenol yields are important indicators that can be utilized to identify the 
dependence of other species on phenol formation. Based on previous studies, benzene 
and cyclopentadiene are the most likely species that are dependent on phenol as an 
intermediate of their formation.
19
 Formation of benzene and cyclopentadiene from phenol 
requires, respectively the OH substitution (reaction 9.5) and H-elimination (reactions 9.3-
9.4) of phenol. 
 
 
 
OH
O
+ H
(9.3) 
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9.3.3 Benzene and Cyclopentadiene Yields 
In addition to phenol, benzene and cyclopentadiene can also be produced from 
other aliphatic species, including acetylene and 1,3-butadiene.
20
 The formation of 
benzene and cyclopentadiene from 1,3-butadiene has been shown as a major conversion 
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Figure 9.2 Yield profile of phenol formation from 400 °C to 600 °C pyrolysis;   
in the presence of CaCO3 and 1300-ppm 1,3-butadiene (  ), in the presence of 
CaCO3 and 0 ppm 1,3-butadiene (  ), in quartz wool and 1300-ppm 1,3-
butadiene (  ), and   in quartz wool and 0-ppm 1,3-butadiene (  ). 
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route in flow reactor and shock tube experiments. In the previous chapter, 1,3-butadiene 
is shown to produce mostly benzene and smaller quantities of cyclopentadiene under low 
temperature (<600 
o
C) conditions of pyrolysis. The results also show the enhancements 
of benzene and cyclopentadiene formation when CaCO3 is present. Although it is an 
abundant component during catechol pyrolysis, secondary reactions of 1,3-butadiene are 
insufficient in accounting for the high benzene and cyclopentadiene yields, especially in 
temperatures below 500 
o
C where 1,3-butadiene conversion is almost insignificant but the 
benzene and cyclopentadiene formation are 0.35% and 0.22%, respectively. At 
temperatures below 500 °C, 1,3-butadiene conversion is very low that it is unlikely to 
have a significant contribution in benzene and cyclopentadiene yields. Instead, at lower 
temperatures, phenol is a more relevant intermediate than 1,3-butadiene based on the 
results of the experiments performed on the pyrolysis of 1,3-butadiene.  
For temperatures above 500 °C, however, introducing 1,3-butadiene in the carrier 
gas increases benzene and cyclopentadiene yields from 0.16% to 4.3% and from 0.22% to 
1.6%, respectively. The drastic increase in benzene and cyclopentadiene yields can be 
accounted to 1,3-butadiene’s presence in the carrier gas based on its effects on the yields 
and based on the results obtained from performing 1,3-butadiene pyrolysis at this 
temperature range. In chapter 8, the results show significantly higher 1,3-butadiene 
conversion at temperatures above 500 °C, which indicates that it can actively participate 
in product formation than at temperatures below 500 °C where conversion is minimal. In 
addition, phenol yield profiles do not correspond to the drastic increase in benzene and 
cyclopentadiene yield which indicates that 1,3-butadiene"and not phenol"contributes 
to the increase in benzene and cyclopentadiene formation at temperatures above 500 °C. 
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Although its effect in increasing benzene and cyclopentadiene yields are 
significant, 1,3-butadiene secondary reactions alone cannot account for all the additional 
benzene and cyclopentadiene produced when it is added in the carrier gas. The pyrolysis 
of a 1540-ppm of 1,3-butadiene pyrolysis produces 1.3 ppm of benzene at 600 °C. This is 
significantly smaller than the 12 ppm of additional benzene produced when the same 
concentration of 1,3-butadiene is introduced along with the carrier gas during catechol 
pyrolysis. Thus, it is the interaction between 1,3-butadiene products with the 
intermediates and species from catechol pyrolysis that are important in the formation of 
benzene and cyclopentadiene. 
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 The results also show that the effects of CaCO3 in butadiene-free and butadiene-
rich conditions are similar. Both conditions exhibit enhancements from CaCO3 at 400-
500 °C and negative effects above 500 °C. This similarity indicates that the interactions 
with calcium carbonate’s surface that cause the changes in benzene and cyclopentadiene 
yields are similar under both conditions.  Such interaction is most likely the intermediate 
species produced from the secondary reactions of phenol. 
9.3.4 Methane, Ethylene and Acetylene Yields 
Methane, ethylene, and acetylene are produced from the decomposition of larger 
species, specifically of the more abundant components that include catechol and 1,3-
butadiene. 1,3-Butadiene for example, can undergo C-C bond scission to produce 
ethylene and acetylene while catechol can produce the 1,3-butadiene that can undergo the 
C-C bond scission reaction (reaction 9.6). In addition to the decomposition of catechol 
and 1,3-butadiene, secondary reactions involving aliphatic components are also known to 
contribute in their formation. Secondary reactions include the C-C bond scission of 1,3-
butadiene isomers (reaction 9.7), which is described to explain the formation of C3 
species from 1,3-butadiene pyrolysis. In addition to C3, this reaction also produces 
methane from the methyl that results after scission (reaction 9.8).  
The role of 1,3-butadiene in producing light aliphatic species is demonstrated in 
the higher methane, ethylene, and acetylene yields that can be observed when 1,3-
butadiene is added in the carrier gas during catechol pyrolysis. In the absence of any gas-
solid interactions at 600 °C, 1,3-butadiene addition alone increases methane, ethylene, 
and acetylene yields from 0.057% to 0.37%, 0.11% to 2.34%, and 0.31% to 0.40% of the 
catechol fed, respectively.  These increases confirm that 1,3-butadiene decomposition 
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reactions (reactions 9.6-9.8) have significant contribution in methane, ethylene, and 
acetylene formation. Since these reactions require radical intermediates, the presence of 
CaCO3 is expected to have a dominant effect on the formation of these products.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Formation of methane, ethylene, and acetylene through radical intermediate steps 
are supported in a comparison between the results of Figure 9.3 and 9.4.  Based on 
proposed mechanisms, benzene formation requires radical building blocks from smaller 
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aliphatic species.
21
 Since the effects of CaCO3 on the yield/temperature profiles of the 
light aliphatics, especially the C2 aliphatics (Figure 9.4 b,c) are similar to benzene’s 
profile (Figure 9.3), radical intermediates are most likely produced in the process of 
forming the light aliphatic species.  
The formation of benzene, the C2 species, and methane are enhanced by CaCO3 
from 400-500 °C. Above 500 °C, calcium carbonate’s effects results in a decrease in their 
yields. This behavior has been explained earlier as the result of interactions between 
CaCO3 and 1,3-butadiene decomposition products. As the temperature increases, more 
products from 1,3-butadiene are adsorbed on the surface that reduces the interactions 
between catechol and CaCO3. Adsorbed species, in turn, are consumed in the process of 
radical-radical interaction and produce larger species. For the C1-C2 species, adsorption 
and consumption of their radical precursors are believed to decrease methane, ethylene, 
and acetylene yields at temperatures above 500°C. 
9.3.5 PAH Formation 
The role of 1,3-butadiene and other aliphatic species in the growth and formation 
of PAH are clearly demonstrated in a number of studies
22-25
 that shows their role as an 
important intermediate and building block of PAH formation. At lower temperatures, 
however, Chapter 8 shows that 1,3-butadiene pyrolysis does not produce detectable 
quantities of PAH. This indicates that any increase in PAH associated with adding 1,3-
butadiene is an indirect effect, most likely the result of the interactions between the 
components produced in both catechol and 1,3-butadiene pyrolysis. 
One pathway that explains the increase in PAH formation from the 1,3-butadiene 
addition is the route that explains the increase in benzene and cyclopentadiene yields. 
  154 
Figure 9.5 Formation of 1-3 ring aromatics based on the 
hydrogen abstraction acetylene addition mechanism.
1
 
Benzene
26
 and cyclopentadiene
27
  are known precursors and building blocks to PAH that 
occurs as a result of radical-based mechanisms (Figure 9.5). During catechol pyrolysis 
under butadiene-rich conditions, significantly more benzene and cyclopentadiene are 
produced, which supports a possible route of affecting the formation of PAH. This route 
also describes a potential correlation between benzene, cyclopentadiene, and PAH yields, 
which the observation supports. Naphthalene, for example, increases from 0.025% to 
0.049% of the mass of fed catechol when 1,3-butadiene is added but benzene, at these 
conditions, increases from 0.34% to 4.30%. Increase in the benzene and cyclopentadiene 
yields are significantly higher in magnitude than the increase obtained for PAH yields. 
Benzene and cyclopentadiene are kinetically favored since these are produced directly 
from a C4 intermediate. The inherent stability of benzene and cyclopentadiene favors 
their formation and increases their yields. Since the conversion of benzene and 
cyclopentadiene by bond scissions and radical formation requires higher amounts of 
energy, PAH formation is also favored but to a significantly smaller extent. 
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Figure 9.6 Yield/temperature profiles of naphthalene (a), phenanthrene (b), 
anthracene (c), and pyrene (d) during catechol pyrolysis in 1300-ppm 1,3-
butadiene in the presence (  ) and absence (  ) of CaCO3. 
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In addition to the slight increase in PAH yields, the presence of 1,3-butadiene can 
also enhance the effects from CaCO3 on the PAH yields. The trends featured in Figure 
9.6 show increase in PAH yields associated with the presence of CaCO3. These effects 
are more notable at higher temperatures, which correspond to the temperatures where 
more PAH building blocks are adsorbed on calcium carbonate’s surface. The adsorption, 
in turn, decreases the yields of those species that were adsorbed and consumed in the 
process of producing PAH. The radical-radical interaction of these building blocks, in 
turn, increases PAH yields.  
9.4 Summary 
 The role of 1,3-butadiene and the effects of CaCO3 during catechol pyrolysis are 
investigated by analyzing catechol conversion and product yields in experiments 
performed: 1) in the absence of 1,3-butadiene and CaCO3, 2) under 1300-ppm 1,3-
butadiene conditions in the absence of CaCO3, 3) under pure nitrogen conditions in the 
presence of CaCO3, and 4) under 1300-ppm 1,3-butadiene conditions in the presence of 
CaCO3. Based on the results, the presence of 1,3-butadiene increases benzene, 
cyclopentadiene, and ethylene yields from 0.16% to 4.3%, 0.22% to 1.6%, and 0.11% to 
2.34%, respectively, as a result of the thermal decomposition of 1,3-butadiene from the 
carrier gas and the interactions between catechol and 1,3-butadiene. 1,3-Butadiene is also 
observed to promote PAH formation, which is most likely to increase PAH formation 
through a C2 mechanism. The result also demonstrates the effect of 1,3-butadiene on the 
catalytic activity of CaCO3. The effects of CaCO3 on the conversion of catechol and 
phenol yields, in particular, are significantly higher in the presence of 1,3-butadiene than 
under butadiene-free conditions. 
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Chapter 10 
Analysis of the Inorganic Solids: Surface Analysis  
and Catalytic Activities 
 
10.1 Introduction 
Solid fuels contain various organic components that provide their heating values 
and make these fuels useful energy sources. In addition to the organic components, solid 
fuels also contain inorganic components that are inherently found in the macerals of 
coal,
1
 in the vascular system of wood and biomass,
2
 and in additives introduced to 
enhance the efficiency of fuel conversion.
3-6
 Inorganic components vary from the oxides 
of transition metals to the sulfates and carbonates of alkaline-earth metals.
1,7,8
 Particle 
size can also vary, from micron meter particulates to nano-meter particles. In many 
instances, the presence of certain inorganic species is known to affect various solid fuel 
reactions. These reactions include pyrolysis, 
5,9
 combustion,
10
  and other reactions 
relevant to solid fuel utilization.
6,11
 
The effects of inorganic components on the solid fuels are produced as a result of 
the heterogeneous interactions between the fuel’s organic and inorganic components. 
These interactions occur during various stages of solid fuel devolatilization and 
gasification. In addition, industrial processes, such as fluidized bed gasification and 
liquefaction, introduces specific inorganic solids as a catalyst in order to enhance the 
reaction or as a method to improve the emission.
12-16
 As a catalyst, certain inorganic 
solids are added to enhance the fuel’s conversion and also to selectively convert the fuel 
into certain species. Some inorganic components are  also added specifically to bind with 
the sulfide contents of the fuel and reduce sulfur emissions.
6,17
 Reduction of sulfur 
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emissions from the fuel are performed to either improve emissions or as a prerequisite of 
succeeding steps in the conversion of solid fuels.  
In this study, the effects of inorganic solids on the model compound catechol are 
investigated based on its effects on catechol conversion and product formation. In 
addition to quantifying effects on catechol and its products, our study also includes 
analyzing the surface of the inorganic solid. Analysis of particle size, surface and crystal 
structure, and analysis of adsorbed species are performed in order to obtain details of the 
gas-solid interactions that occur on the surface of relevant inorganic solids. 
In this chapter, the surface of the inorganic components, specifically calcium 
carbonate and iron oxide, are investigated using electron microscopy and x-ray 
crystallography. In addition to surface analysis, adsorption of different components is 
also analyzed using gas and liquid chromatography. The species adsorbed and changes in 
surface composition are determined to elucidate the gas-solid interactions that exist on 
the surface of both calcium carbonate and iron oxide. 
10.2 Materials and Methods 
10.2.1 Materials 
The calcium carbonate (CaCO3), used particularly for the investigation of solid 
fuels, are calcite particles (99.997% pure) obtained from Alfa-Aeasar, Inc. and sold under 
the commercial name of Puratronic calcium carbonate. Scanning electron microscopic 
analysis with energy dispersive x-ray (SEM-EDX) shows particles are crystalline with an 
average particle size of 30 microns. The crystal structure and the average particle size of 
Puratronic calcium carbonate are consistent with the calcium carbonate particles detected 
during combustion studies.
1
 Calcite is also the most stable and the most inexpensive 
 161 
calcium compound and is therefore the most cost-effective to utilize for commercial 
applications. 
For iron oxide, 3-nm powder made by Mach I, Inc, was used as the transition 
metal inorganic solid. Marketed as NanoCat!, the iron oxide is made of hematite ("-iron 
oxide), which is considered the desirable form in terms of possessing the highest catalytic 
activity and large surface area. Nanoparticle hematite is also the catalyst used to enhance 
the conversion of CO to CO2. 
10.2.2 Methods 
The catalytic activities of calcium carbonate and iron oxide are first investigated 
under pyrolytic and oxidative conditions. Analyses of the solids are performed by 
continuously monitoring the concentration of reaction products, specifically the 
concentration of CO and CO2.. These analyses are designed to determine variations in 
surface activities. By monitoring CO and CO2 concentration, changes in the surface 
effects on the primary and secondary reactions can be identified since the formation of 
CO and CO2 are the culmination of both the primary and secondary reactions. Although 
other species can be used to monitor changes in the surface interaction during the extent 
of a reaction, CO and CO2 remains the only quantifiable component that can be 
monitored continuously without interrupting the stead y state condition of the reactor 
system. 
In addition to catalytic activities, samples of CaCO3 and iron oxide are also 
analyzed after reactions for surface adsorption, elemental composition, and crystalline 
structure. Identifying the adsorption of species requires two important steps; 1) extraction 
of adsorbed species and 2) chemical analysis of the extracted components. In extracting 
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the adsorbed components, the inorganic solid samples are obtained after the reactions and 
then immersed in pure dichloromethane. To enhance dissolution, the resulting 
dichloromethane solution is placed in a sonicator bath. The resulting mixture of 
dichloromethane and insoluble particles are then vacuum-filtered through a Miilipore 
filter to separate the DCM-soluble components from the inorganic solid. The filtrate is 
then evaporated in a Kuderna-Danish evaporator to increase the solute concentration and 
a 10% fraction is allocated for gas chromatographic analysis (GC). The larger portion is 
then solvent-exchanged in dimethyl sulfoxide and analyzed by high performance liquid 
chromatography (HPLC). Details of the HPLC and GC analyses are discussed 
elsewhere.
18
 
In addition to the analysis of adsorbed components, CaCO3 and Fe2O3 are also 
analyzed through electron microscopy and x-ray crystallography. A JEOL 840A scanning 
electron microscope (SEM) is utilized for characterizing the size and appearance of 
individual calcium carbonate and iron oxide particles. The SEM is coupled to a JEOL 
JXA-733 electron microprobe for energy dispersive spectroscopy (EDS) to analyze the 
elemental composition, and detect any changes in the oxidation state  of the surface from 
its original composition. In addition to SEM with EDS, the inorganic are also 
characterized using a Bruker/Siemens D5000 X-ray diffraction (XRD) in order to identify 
the crystalline structures. 
10.3 Results and Discussion 
Analysis of the products adsorbed on iron oxide and calcium carbonate from the 
conversion of catechol are shown in Figures 10.1-10.4. These species are adsorbed as a 
result of the gas-solid interactions between the active sites of the inorganic solid and the 
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species produced during catechol conversion. Surface adsorption is a fundamental step of 
heterogeneous catalysis, and is often the rate-determining step in catalytic systems. The 
adsorption produces a surface-reactant intermediate that can; (1) interact with other 
adsorbed species such as in a Langmuir-Hinshelwood mechanism and (2) react with gas-
phase species for the case of Eley-Rideal mechanisms.
19
  
The figure shows the adsorption of two to four-ring aromatic species on both the 
calcium carbonate and iron oxide surface. The species reported here include oxygenated 
and benzenoid PAH, which includes 9-fluorenone, naphthalene, 1-methylnaphthalene, 
dibenzofuran, acenaphthene, phenanthrene, fluoranthene, and pyrene. Quantification of 
these species are performed through HPLC analysis, which can serve as a comparison of 
the strength of the gas-solid interaction between these species and the inorganic solids. 
For CaCO3, adsorption#based on previous studies
9#is a result of the affinity of 
electropositive Ca
2+
 ions towards the ! electrons. The interaction between the Ca
2+
 active 
sites and the $ electrons results in selective adsorption and the formation of an adsorbed 
species intermediate. Due to the number of delocalized $ electrons, aromatic species are 
preferred over other components and explains their abundance in the sample extracted 
from the inorganic solids. 
Since adsorption is indicative of the strength of the gas-solid interaction, the 
quantification of the adsorbed component, to an extent, serves as an indication of the 
selectivity of the inorganic solid towards that component. It is possible that an increase in 
the adsorption of a specific component denotes increase in the consumption of that 
component and an increase in its relevance to catalytic product formation. In some 
heterogeneous catalysis, adsorption is the rate-determining step of the reaction and in 
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such cases, conversion and product formation are dependent on the rate of adsorption of 
specific species. 
The results of Figures 10.1-10.4 show the quantities of the components adsorbed 
on the inorganic solids at 400 
o
C and at 600 
o
C. The results are consistent with the 
dependence of adsorption to catalytic effects. Calcium carbonate, for example, gives 
higher amounts of adsorbed components at 600 
o
C than at 400 
o
C. Naphthalene and 
phenanthrene, for example, increases from 0.000190 % to 0.00322% and 0.00098% to 
0.1199% of the catechol feed, respectively. The difference in the amounts adsorbed at 
400 
o
C and at 600 
o
C is contrary to physisorption that would normally decrease the 
amounts of species adsorbed at higher temperatures due to the temperature dependence of 
desorption rates. Higher temperature increases the rate of desorption and in turn, 
decreases the amount of species adsorbed. 
Instead of physisorption, the gas-solid interaction between CaCO3 and several of 
the species produced during the oxidation and pyrolysis of catechol are consistent for 
chemisorption. The products extracted from the spent CaCO3 are also very specifically 
the products that are highly affected by the presence of the inorganic solid. The selective 
adsorption of these components can be attributed to chemisorption. The quantity of 
components adsorbed through chemisorption of the species listed in Figure 10.1 and 10.2 
also coincides with the higher catalytic activity observed for CaCO3 at 600 
o
C than at 400 
o
C. The affinity of the surface towards the aromatic species is most likely due to the 
interactions between the ! electrons and the metal center of CaCO3. This explains the 
increase in PAH formation as a result of radical-radical or radical-gas interactions of the 
adsorbed components that can enhance the formation of PAH. 
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Figure 10.1 Species extracted from calcium carbonate used during the 
pyrolysis and oxidation of catechol at 400 °C. 
Figure 10.2 Species extracted from CaCO3 used during the pyrolysis and 
oxidation of catechol at 600 °C. 
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A similar relationship between the quantity of the adsorbed components and the 
catalytic activity is also observed in iron oxide. Under oxidative conditions at 600 °C, 
Chapter 5 describes significant catalytic activities in iron oxide that increases the 
formation of aliphatic and some aromatic components. In pyrolytic conditions, 
characterization of iron oxide has shown catalyst deactivation that iron oxide studies are 
mostly performed under oxidative conditions. The differences in the catalytic activities 
are consistent with the quantities of the components adsorbed (Figure 10.4). For all the 
species detected at 600 
o
C, significantly more are obtained under pyrolytic conditions 
than in oxidative conditions. Naphthalene and phenanthrene, for example, are found at 
0.00308% and 0.00983% of the catechol fed catechol on iron oxide during pyrolysis, 
respectively, when these yields are 0.0166% and 0.0855% in the 1540 ppm O2 
environment.  
Decrease iron oxide’s activity under pyrolytic conditions has been associated to 
deactivation that occurs as a result of exposure to a reducing environment. In the 
characterization study of Li, et al.,
20
 reduction of the hematite form ("-Fe2O3) into 
magnetite (Fe3O4) converts an active iron oxide form into a deactivated form.
20
 Attempt 
to regenerate the iron oxide by subjecting the deactivated solid to a highly oxidative 
environment produces maghemite (%-Fe2O3). Both magnetite and maghemite are inactive 
forms that in tests show little or no catalytic activities.
21
  
The relationship between catalytic activity and adsorption can be described by 
two mechanisms of surface reactions; (1) Langmuir-Hinshelwood mechanism and (2) 
Eley-Rideal mechanism.
22
 Langmuir-Hinshelwood mechanism occurs when surface 
reactions occur among the adsorbed species; Eley-Rideal is the surface reaction between 
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adsorbed components and species in the gas-phase. The results obtained from 
experiments with catechol and 1,3-butadiene (Chapter 9) shows more effects in catechol 
conversion under butadiene-rich conditions than in butadiene-free environments. These 
effects suggest that calcium carbonate’s catalytic activity is dependent on the presence of 
gas-phase reactants like 1,3-butadiene. This result is consistent with an Eley-Rideal 
mechanism where gas-phase reactants, such as 1,3-butadiene, react with adsorbed 
components.  
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Figure 10.3 Species extracted from iron oxide used during the pyrolysis 
and oxidation of catechol at 400 °C. 
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In addition to the effects of 1,3-butadiene from the carrier gas on the catalytic 
activity, the mechanism of the activity of CaCO3 can also be classified based on the 
product distribution of the resulting species. A Langmuir-Hinshelwood mechanism would 
have produced bi-aryls, since interactions between adsorbed aromatics are most 
likely#through radical-radical addition#to produce such species. Bi-aryls, however, 
were not observed on the surface or as products from the experiments despite the 
abundance of potential precursors on the inorganic solid. Thus, surface reactions are most 
likely not the mechanism of catalysis for calcium carbonate. It is therefore most likely, 
based on products alone, that Eley-Rideal is the mechanism for the enhanced conversion 
and product formation that results from calcium carbonate’s presence. In classifying iron 
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Figure 10.4 Species extracted from iron oxide used during the 
pyrolysis and oxidation of catechol at 600 °C. 
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oxide mechanisms, the relative difficulty of maintaining hematite as the active 
component remains the major limitation in the determination of the interactions on the 
iron oxide surface under non-oxidative conditions. Thus, determining the dependence of 
iron oxide’s activity on the gas-phase reactants is limited since iron oxide deactivates in 
butadiene-rich conditions. It is therefore difficult to make any conclusion on the surface 
chemistry of iron oxide because of this limitation. Based on the products formed, 
however, the results are also consistent with Eley-Rideal mechanisms. 
Aside from investigating adsorption on the surface of calcium carbonate and iron 
oxide, the solids are also analyzed through x-ray spectroscopy and electron microscopy 
for a more detailed surface analysis. The results of x-ray diffraction spectroscopy (XRD) 
and scanning electron microscopy (SEM) are presented in Figures 10.6-10.9 that shows 
the particle size and appearance of both calcium carbonate and iron oxide. Energy 
dispersive X-ray (EDS), which is coupled to the SEM, reveals the elemental composition 
of the surface and gives the relative abundance of each element. Relative elemental 
abundance gives the empirical formula, which is useful in determining whether chemical 
changes, such as reduction and oxidation, occurred on the particle’s surface. Calcium 
carbonate, for example, is known to oxidize at temperatures above 700 °C into calcium 
oxide (CaO).
23
 Hematite ("-Fe2O3), on the other hand, can reduce to Fe3O4, FeO and 
metallic iron (Fe). It can also convert into the less active spinel, maghemite (%-Fe2O3) 
under favorable conditions. In all the experiments conducted in this study, changes in the 
composition and structure of the inorganic solids are not likely to occur because of the 
moderate conditions selected for the experiments. Higher temperatures are required to 
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oxidize CaCO3 and a highly reducing environment#found in pure pyrolytic 
experiments#is required to irreversibly reduce hematite.  
 
 
 
 
 
 
The results from SEM with EDS of calcium carbonate and iron oxide show the 
particle size of the inorganic solids remain at 30 micron and 3 nm, respectively. The 
image also shows the absence of any significant particle agglomeration that often occurs 
to catalyst at higher temperature. Also visible in the figures are the quartz wool particles 
that appear as broken strands in Figure 10.6 and 10.7. These strands, according to 
manufacturers and based on the figures, have a range of thickness of 4-8 µm. The XRD 
results of Figure 10.7 and 10.8 shows the effects of exposing calcium carbonate and iron 
oxide to pure nitrogen at 600 °C, respectively. Figure 10.7 shows that even after 
exposure, the particles are consistent for calcium carbonate calcite crystals. The surface 
remains unchanged even after the exposure. Iron oxide, however, shows a different result. 
In Figure 10.8, exposure of iron oxide to pure nitrogen results in the formation of a spinel 
maghemite. Spinel maghemite is recognized as an inactive form of iron oxide that cannot 
be regenerated even by exposure to oxidative conditions.  
In addition to surface analysis that determines effects on the composition and 
structure of the surface, additional tests were also performed to determine the net effect 
Figure 10.5 Reaction between gas species (green) and adsorbed 
components (red) on the surface (blue) of an inorganic solid. 
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on the activity of the inorganic solid under continuous runs. Surface modification, such as 
deactivation by reduction, oxidation, agglomeration and coke deposition, usually leads to 
changes in the catalytic activity of the inorganic solid. By keeping other reaction 
parameters constant, variations in the product yields can indicate the presence of surface 
modifications. In this study, CO and CO2 yields are continuously monitored to determine 
any changes in gas-solid interactions.  
 
 
 
 
 
 
 
 
 
 
 
 
The concentration/time profiles of Figures 10.10 and 10.11 describe the behavior 
of CO and CO2 throughout 260 minutes of uninterrupted operation, in pure pyrolytic 
environments and in partially oxidative conditions. The results indicate that CO and CO2 
yields do not fluctuate or vary significantly throughout the experiment at 600 °C in all 
cases except for iron oxide under pyrolytic conditions. 
Figure 10.6 Scanning electron micrograph image of 
calcium carbonate after pyrolysis at 600 °C. 
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Figure 10.7 Scanning electron micrograph image of 
iron oxide after pyrolysis at 600 °C.  
Figure 10.8 X-ray diffraction image of calcium carbonate after pyrolysis 
conditions at 600 °C. 
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The time-dependence of CO and CO2 yield (Figure 10.11) for catechol in the 
presence of iron oxide indicates surface changes on the iron oxide’s surface under 
pyrolytic conditions. Detailed analyses of nano-particle iron oxide have revealed 
extensive and irreversible surface reductions under pyrolytic conditions.
21,24,25
  The iron 
oxide XRD in Figure 10.9 shows the transformation of hematite into other types of iron 
oxide. XRD peaks of hematite (shown in arrows) after a 60-min exposure to non-
oxidative environments shows the conversion from hematite into both magnetite and 
maghemite. The transformation into magnetite and maghemite is an indication that under 
pyrolytic conditions, hematite undergoes surface modifications into deactivated forms of 
iron oxide. 
Figure 10.9 X-ray diffraction image of iron oxide after pyrolysis 
conditions at 600 °C. 
magnetite 
maghemite 
hematite 
Iron, Fe 
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In a reducing environment such as in catechol pyrolysis, hematite converts into 
magnetite, the reduced form of iron oxide. Magnetite formation decreases the catalytic 
activity of the starting material and is the known cause for the deactivation of nano-
particle iron oxide in highly reducing environments. This deactivation explains the results 
of Figure 10.10 that shows a decrease in CO formation as the reactor operates 
continuously in constant temperature and feed concentration. Iron oxide is known for its 
high affinity towards CO and is in fact the reason for using iron oxide in catalyzing CO 
oxidation. Since iron oxide’s activity decreases under the reducing environment of 
catechol pyrolysis, the surface activity also changes and results in a steady decrease of 
CO formation that approaches the uncatalyzed CO concentration (dashed lines). 
Regenerating magnetite through exposure in oxidative conditions yields 
maghemite (%-Fe2O3), an inactive form of iron oxide.
26
 In the presence of at least 3% 
oxygen, however, spontaneous regeneration of the surface occurs and maintains the 
stability of the catalyst.   
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Figure 10.10 Concentration of CO and CO2 produced from catechol 
pyrolysis in the presence of iron oxide at 600 °C, 100 mL/min. 
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In contrast to the result of iron oxide, the results for calcium carbonate in Figure 
10.11 clearly show a steady state operation with little or no variation in the CO and CO2 
yields for both pyrolytic and in 1540 ppm O2 conditions. This indicates that all 
parameters are maintained throughout the continuously monitored and operated 
conditions of catechol pyrolysis and partial oxidation at 600 °C.  Additionally, the results 
from SEM-EDS and XRD also show the unchanging condition of CaCO3 even after 
exposure in pure nitrogen and in 1540 ppm O2. 
The absence of any surface changes on the calcium carbonate’s surface maintains 
the steady state conditions for experiments under both pyrolytic and oxidative conditions 
at temperatures below 600 °C. We therefore performed and presented the results from 
CaCO3 under all carrier gas conditions. For iron oxide, only the results under oxidative 
conditions are presented since pyrolysis revealed surface changes and irreversible 
deactivation. 
 
 
 
 
 
 
 
 
 
Figure 10.11 Concentration of CO and CO2 produced from catechol 
partial oxidation in the presence of iron oxide at 600 °C, 100 mL/min. 
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10.4 Concluding Statement 
 In order to understand the gas-solid interactions that affect product formation, 
CaCO3 and iron oxide are investigated through various analytical surface techniques. 
These include compositional analysis of adsorbed species, scanning electron microscopy, 
x-ray diffraction spectroscopy, and analysis of the solid’s catalytic activity. The results 
clearly show that calcite remains the same in composition after exposure to reaction 
species in both pyrolytic and partially oxidative conditions in experiments performed at 
temperature less than or equal to 600 °C. Hematite, on the other hand, requires oxygen in 
the reaction environment to maintain the active state. Otherwise, hematite reduces into 
magnetite and then maghemite, which are the deactivated forms of iron oxide with 
minimal catalytic activity.  
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Chapter 11 
Conclusions and Future Directions 
 
11.1 Concluding Remarks 
The purpose of this research is to investigate the pyrolysis, combustion, and 
conversion of solid fuels, as well as to understand the effects of certain inorganic solids 
that are often inherently present in the environments surrounding solid fuel utilization.
1
 In 
this research, solid fuel studies are conducted using catechol, a model compound 
representative of the structural entities in coal, wood, and biomass fuels. In order to 
investigate solid fuels, a flow-reactor is constructed that allows the combustion and 
pyrolysis of vapor-phased catechol. Heterogeneous interactions can also be studied in this 
flow reactor and in this dissertation, nano-particle iron oxide and calcium carbonate in 
quartz wool supports were investigated to determine their effects on catechol conversion 
and product formation.  Iron oxide and calcium carbonate are usually minor components 
of solid fuels with potentially relevant impacts on the fuel’s conversion and utilization. 
Understanding the heterogeneous interactions involved during the conversion of solid 
fuels is therefore necessary, not only to elucidate the complex processes of solid fuel 
conversion but also to optimize the utilization of solid fuels for gasification, liquefaction, 
and energy production.
2
 
The results obtained from using the flow reactor to investigate the inorganic solids 
show strong evidence of the catalytic effects of calcium carbonate and iron oxide on the 
conversion of catechol. Calcium carbonate, for example, increases the rate of catechol 
conversion, 1,3-butadiene formation, and the formation of the polycyclic aromatic 
hydrocarbons. The results are also consistent with calcium carbonate’s role of enhancing 
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the scission of catechol’s O-H bond, which is considered as one of the major catechol 
conversion pathways.
3
 
Iron oxide, on the other hand, deactivates through surface transformation from 
hematite into magnetite and maghemite upon exposure to the reducing environment of 
catechol pyrolysis. In the presence of 1540 ppm O2, the presence of nano-particle iron 
oxide increases catechol conversion at temperatures below 500 °C. In addition to catechol 
conversion, iron oxide is also observed to affect the secondary reactions of primary 
reaction products, specifically the yields of oxygen-containing products such as cis-
cinnamaldehyde and 1-indanone.  
In addition to the catalytic effects of inorganic solids, this research also examined 
the initial steps of catechol conversion through analysis of the effects of residence time 
and the effects of different temperature on the conversion of catechol. The results agree 
with previously suggested routes of catechol conversion that includes, (1) H elimination 
through scission of catechol’s O-H bonds, (2) OH substitution by H atoms, and (3) a 
route that results in cis-cinnamaldehyde formation. The results found strong evidence of 
the role of H elimination as a major pathway in catechol conversion. The results also 
show the effects of the inorganic components on this pathway that can explain the effects 
observed on the yields of certain aliphatic and aromatic species during the partial 
oxidation and pyrolysis of catechol. In the formation of polycyclic aromatic hydrocarbons 
(PAH), strong association between PAH formation and 1,3-butadiene was observed, 
indicating its relevance as an intermediate and building blocks in PAH formation.  
11.2 Future Directions 
In catalytic studies, among the major considerations to determine  are  the  surface  
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interactions, which direct both selectivity and activity of a catalyst.
4
 Several analyses, in 
addition to those already performed in this research, can be performed on the inorganic 
solids to obtain greater details of the gas-solid interactions that exist during the pyrolysis 
and combustion of catechol. As described in a previous chapter, one of the methods 
employed to determine details of specific interactions on the inorganic solid’s surface is 
to introduce an aliphatic species with the carrier gas. In this research, 1,3-butadiene was 
selected due to its high concentration among the products of catechol pyrolysis. However, 
aside from 1,3-butadiene, there are other aliphatic species that can also interact with the 
surface of the inorganic solids. Most of the other species produced from catechol 
pyrolysis and oxidation have lower concentrations than either catechol or 1,3-butadiene. 
Despite lower concentrations, the intermediate produced from the interaction may have a 
significant contribution in the overall catalytic effects of the inorganic solid as in the case 
of the initiation reaction of a stepwise catalytic reaction intermediates.
5
 An evaluation of 
the inorganic solid’s surface to aliphatic reactant interactions, such as the evaluation 
performed through experiments with CaCO3 and 1,3-butadiene, can be useful in 
identifying the effects of the heterogeneous interactions on product formation. Potentially 
important components for understanding the heterogeneous interactions are the gas-solid 
interactions between the C1-C3 species and the inorganic solids. Light aliphatic species 
are known to undergo radical formation and, in the presence of gas-solid interactions, 
have the potential to enhance the aliphatic addition of the adsorbed components.
6
 In 
addition, the results obtained from investigating the interactions of the inorganic solids 
with simple molecules, like the C1-C3 species, provide a fundamental understanding of 
the interactions on the surface of the inorganic solids. 
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Another detail of the inorganic solid that explains the gas-solid interactions is 
obtained through in-situ analysis. In-situ analysis of the inorganic solids during catechol 
pyrolysis and combustion can be conducted using Fourier Transform Infrared with 
Attenuated Total Reflectance (FTIR-ATR) spectroscopy.
7
 Iron oxide, calcium carbonate, 
and the organic components adsorbed on the surface can be subjected to infrared analysis. 
This makes FTIR-ATR a suitable technique to monitor the chemistry of the surface in 
real time under both combustion and pyrolytic conditions. In using an FTIR-ATR 
spectrometer, the quantities adsorbed on the surface and composition of the inorganic 
solid can be analyzed in real time during the reaction. This can provide useful details 
about surface chemistry and gives important details of the state of inorganic solids during 
the reaction. 
A simple method that analyzes the different active sites of a catalyst is through a 
temperature programmed reduction and oxidation (TPR/TPO). Temperature programmed 
reduction (TPR) is performed on the oxidized form of the metal oxide while temperature 
programmed oxidation (TPO) is performed on its reduced form. TPR can be performed 
on calcium carbonate and iron oxide after exposure to catechol, since these are known to 
undergo reduction under high temperature pyrolytic environments. The results obtained 
from TPR can identify the different reactant-solid interactions that exist on the inorganic 
solid’s surface. 
In addition to analyzing the catalytic effects of inorganic solids, elucidating the 
elementary reactions during catechol conversion also provides valuable information 
relevant to solid fuel conversion. Understanding elementary reactions not only provides 
details of catechol conversion, but can also be useful in determining the reactive 
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components that have the potential for gas-solid interactions on the surfaces of inorganic 
solids. Proposing and validating elementary reactions, however, requires kinetic 
simulations which require calculations based on existing and approximated reaction rate 
constants. Rate constants are calculated from ab-initio or semi-empirical calculations 
<cite calculations of rate parameters> and are calculated for each individual elementary 
reaction step. Using the rate constants, a kinetic simulation can be performed to compare 
catechol conversion and product yields with experimental results.
8
 
Kinetic simulation of catechol conversion suggests the potential intermediates 
produced during pyrolysis and combustion. Intermediates can have major roles in the 
catalytic effects of the inorganic solid since these are usually reactive and can actively 
participate in product formation and heterogeneous interactions. Detection of these 
intermediates are also valuable links between product formation and catechol conversion. 
Most intermediates, however, are difficult to isolate as a result of their highly reactive 
nature. Some components, like radical species, are highly unstable and can immediately 
undergo secondary reactions before analysis can be completed. A technique that can be 
implemented to detect these highly unstable intermediates is to utilize on-line analysis, 
such as molecular beam mass spectrometry. Online analysis is capable of detecting 
unstable species since the reaction products are immediately analyzed as the gas exits the 
reactor. Secondary reactions of the relative unstable intermediates are therefore 
minimized, allowing the analysis of a higher concentration of the intermediate. Aside 
from online sampling systems, intermediate radicals can also be captured using carbon 
dioxide at low temperatures and detected through electron paramagnetic resonance (EPR) 
spectroscopy.
9
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Appendix A Mass Balance 
Table A.1 Mass balance in terms of the mass percent yield of components produced 
during catechol pyrolysis at 600 °C, 7.36 seconds residence time, and 30 minutes 
collection time. 
Identified Component % Yield 
1-ethynylnaphthalene 0.01108 
1-indanone 1.43179 
1-methylnaphthalene 0.02883 
1,3-butadiene 1.50129 
2-cyclopenten-1-one 1.67811 
2-methylbenzofuran 0.10388 
7-methylbenzofuran 1.90895 
9-fluorenone 0.01177 
acenaphthene 0.02894 
acenaphthylene 0.03122 
acetylene 0.30814 
anthracene 0.00275 
benzene 0.34754 
benzofuran 0.08169 
carbon dioxide 4.00089 
carbon monoxide 24.44544 
catechol 54.12043 
cis-cinnamaldehyde 3.97478 
cyclopentadiene 0.22465 
dibenzofuran 0.02428 
ethylene 0.10366 
fluoranthene 0.00191 
fluorene 0.01097 
indene 0.04448 
Indene 0.24670 
methane 0.05718 
naphthalene 0.02512 
phenanthrene 0.00428 
phenol 1.13546 
phenylacetylene 0.11734 
propadiene 0.01886 
propene 0.04533 
propyne 0.07061 
pyrene 0.00200 
styrene 0.50232 
toluene 0.36035 
trans-cinnamaldehyde 2.29891 
vinylacetylene 0.70792 
TOTAL 100.0198068 
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Table A.2 Carbon mole balance of the components produced during catechol oxidation 
(1500 ppm O2) at 500 °C, 7.36 seconds residence time, and 30 minutes collection time. 
Identified Component % Yield 
1-ethynylnaphthalene 0.01178 
1-methylnaphthalene 0.07245 
1,3-butadiene 0.18346 
1-indanone 41.45277 
2-cyclopenten-1-one 0.23048 
2-methylbenzofuran 0.22836 
7-methylbenzofuran 2.84134 
9-fluorenone 0.90524 
acenaphthene 0.00297 
acenaphthylene 0.03901 
acetylene 0.08678 
anthracene 0.00180 
benzaldehyde 0.58234 
benzene 0.31563 
catechol 2.70031 
cis-cinnamaldehyde 14.58658 
carbon monoxide 23.52941 
carbon dioxide 10.48593 
dibenzofuran 0.03553 
ethylene 0.03101 
fluoranthene 0.00332 
fluorene 0.02337 
indene 0.09237 
naphthalene 0.01510 
phenanthrene 0.00992 
phenol 0.33940 
phenylacetylene 0.25728 
propene 0.02732 
propyne 0.03956 
pyrene 0.00261 
styrene 0.74122 
toluene 0.06246 
trans-cinnamaldehyde 2.15568 
TOTAL 102.09280 
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Table A.3 Carbon mole balance of the components produced during catechol pyrolysis in 
the presence of 1,3-butadiene (1300 ppm 1,3-C4H6) at 600 °C, 7.36 seconds residence 
time, and 30 minutes collection time. 
 
Identified Component % Yield 
1-indanone 0.632015 
1-methylnaphthalene 0.028752 
1,3-butadiene 79.629213 
2-cyclopenten-1-one 1.368496 
2-methylbenzofuran 0.058580 
7-methylbenzofuran 0.763694 
9-fluorenone 0.006752 
acenaphthene 0.012507 
acenaphthylene 0.028331 
acetylene 0.135925 
benzaldehyde 0.013379 
benzofuran 0.024591 
carbon monoxide 3.130900 
catechol 4.876721 
cis-cinnamaldehyde 2.249403 
cyclopentadiene 0.561389 
dibenzofuran 0.019036 
ethylene 0.849129 
indene 0.030872 
methane 0.125105 
naphthalene 0.018189 
phenanthrene 0.003753 
phenol 0.254206 
phenylacetylene 0.036342 
propadiene 0.008001 
propene 0.258378 
propyne 0.086344 
styrene 0.302138 
toluene 0.266022 
trans-cinnamaldehyde 1.043518 
vinylacetylene 0.271173 
TOTAL 97.092854 
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Table A.4 Carbon mole balance of the components produced during 1,3-butadiene 
pyrolysis (1300 ppm 1,3-C4H6) at 600 °C, 7.36 seconds residence time, and 30 minutes 
collection time. 
 
 
 
Identified Component %Yield 
1,3-butadiene 
100.4265 
benzene 0.1516 
ethylene 0.0978 
methane 0.0360 
propene 0.0533 
propyne 0.0222 
styrene 0.1479 
toluene 0.4642 
TOTAL 101.3995 
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Appendix B Details of Identified Components 
Table B.1. Components identified in the GC-MS/FID with an HP-5 column. 
 !"#$"%&%' (")&*+),-./"-#+), Structure MW
1-methylnaphthalene C11H10 142.2
1-indanone C9H8O 132.16
2-methylnaphthalene C11H10 142.2
3-methylphenol C7H8O 108.14
benzaldehyde C7H6O 106.12
benzofuran C8H6O 118.13
catechol C6H6O2 110.11
cis-cinnamaldehyde C9H8O 132.16
trans-cinnamaldehyde C9H8O 132.16
cyclopentadienone C5H4O 80.08
naphthalene C10H8 128.17
phenol C6H6O 94.11
phenylacetylene C8H6 102.13
styrene C8H8 104.15
toluene C7H6 92.14
O
OH
O
O
OH
OH
O
O
O
OH
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Table B.2. Components identified in the HPLC with a Pinnacle II- PAH column. 
!"#$"%&%' (")&*+),-./"-#+), Structure MW
1-ethynylnaphthalene C12H8 152.19
1-phenylnaphthalene C16H12 204.27
9-fluorenone C13H8O 180.2
aceanthrylene C16H10 202.25
acenaphthene C12H10 154.21
acenaphthylene C12H8 152.19
acephenanthrylene C16H10 202.25
anthracene C14H10 178.23
benz[a]anthracene C18H12 228.29
benz[f]indene C13H10 166.22
benzo[a]fluorene C17H12 216.3
benzo[a]pyrene C20H12 252.31
benzo[k]fluoranthene C20H12 252.31
chrysene C18H12 228.29
dibenzofuran C12H8O 168.19
O
O
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(table B.2 continued) 
 
 
!"#$"%&%' (")&*+),-./"-#+), Structure MW
fluoranthene C16H10 202.25
fluorene C13H10 166.22
Indene C9H8 116.16
phenanthrene C14H10 178.23
pyrene C16H10 202.25
O
O
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Table B.3. Components identified in the GC-FID with a GS-GasPro column. 
!"#$"%&%' (")&*+),-./"-#+), Structure MW
1,3-butadiene C4H6 54.09
acetylene C2H2 26.04
benzene C6H6 78.11
carbon dioxide CO2 44.01
carbon monoxide CO 28.01
cyclopentadiene C5H6 66.1
ethylene C2H4 28.05
methane CH4 16.04
propadiene C3H4 40.06
propene C3H6 42.08
propyne C3H4 40.06
vinylacetylene C4H4 52.07
C OO
C O
C H
H
H
H
C C C
H H
HH
C C C
H H
HH
H
H
C C C
H
H
H
H
C C CC
H
H H
H H
H
C C
H
H
H
H
C CH H
C C CC
H
H H
H
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Appendix C Analytical Instruments 
Table C.1 Details of the GC-MS/FID analysis of the condensed-phase components. 
GC Model Number Agilent 6890 
Detectors FID, MSD 
MSD Model Number Agilent 5973N MSD 
Carrier Gas Helium 
Column HP-5 
stationary phase (5%-Phenyl)-methylpolysiloxane 
dimensions 30 m x 0.25 mm x 0.25  µm 
Injection Volume 2 µL 
Inlet Temperature 280 °C 
Oven Temperature  
Initial Temperature 40 °C, 3 min hold 
 280 °C, 4 °C/min, 30 min hold 
 
Table C.2 Details of the HPLC analysis of the condensed-phase components. 
HPLC Model Number HP 1050 
Detector UV-Vis DAD  
Column Pinnacle II-PAH column 
stationary phase C18  
dimensions 250 mm x 4.6 mm 
Injection Volume 20 µL 
Solvent Flowrate 1.5 mL/min 
Solvent Gradient  
Initial Mobile Phase 60:40 water/acetonitrile 
40 min acetonitrile, 20 min hold 
100 min dichloromethane, 10 min hold 
120 min acetonitrile, 10 min hold 
 
Table C.3 Details of the GC-FID analysis of the gas-phase components. 
GC Model Number Agilent 6890 
Detectors FID 
Carrier Gas Helium 
Column GS-GasPro 
type PLOT 
dimensions 30 m x 0.32 mm  
Injection Volume (gas) 10 µL 
Oven Temperature  
Initial Temperature 35 °C, 2 min hold 
 100 °C, 5°C/min 
 240 °C, 10°C/min, 10 min hold 
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Appendix D Identification of Unknown  
Intermediate Component 
 
 In addition to the products identified from catechol conversion in the presence of 
calcium carbonate and iron oxide, there are also other products, including major reaction 
products that were detected in the GC-MS but remains as an unidentified component 
Appendix D summarizes the properties of the unidentified component including 
chromatographic analysis and approximate yield.  
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Figure D.1 Yield/temperatures profiles (computed based on cis-
cinnamaldehyde response factor) of an unidentified component obtained from 
the partial oxidation of catechol in the presence of Fe2O3/quartz wool (  ), 
CaCO3/quartz wool (  ), and quartz wool (  ). 
!
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The yield of the unknown component is calculated based on the area of the peak 
obtained from GC-FID analysis and using the response factor of 1-indanone for the 
approximation. Results show higher yields in the presence of the inorganic solids, which 
increase the yields of the unknown component from 4.62% of the fed catechol to 9.76% 
and 10.71% for CaCO3 and Fe2O3, respectively. Mass spectrometric analysis (Fig. D2) of 
the sample shows fragmentation pattern composed of m/z=130, 102, 76. Fragmentation 
from 130 to 102 is consistent for a carbonyl group or internal oxygen bound to a carbon 
atom while the m/z=76 indicates the presence of a phenyl group. Based on the molecular 
weight and fragmentation, a list of potential identity can be determined which are listed 
in Table D1.  
 
 
Table D.1. Candidate identities of the unknown component produced under the 
partially oxidative reaction of catechol at 500 
o
C. 
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Figure D.2 (a) Chromatogram of sample obtained from catechol at 1540 ppm O2 in the presence of iron oxide at 
500 °C showing unknown component (red arrow) and mass spectra (b) of that unknown component. 
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Figure D.3 UV spectra of the unknown component from catechol partial oxidation obtained from an extracted 
fraction containing the mass spectra of Fig. D2.   
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 The GC retention times and mass spectra of 1,2-naphthoquinone, 
propiolaldehyde, and propiolophenone standards were compared with those of the 
unknown component. Spectral and chromatographic analyses of these species are not 
consistent with the properties of the unknown component, which produces a major ion at 
m/z=130, 102, and 76 and is separated at a retention time of 18.48 min. For 1,2-
Naphthoquinone, a significant secondary peak at m/z=160 is detected which the unknown 
component does not possess. Propiolaldehyde, on the other hand, elutes at 19.46 min. in 
the same condition and column, which indicates that the unknown component is either 
smaller or slightly more polar. Meanwhile, the propiolophenone standard, which was 
synthesized from 1-phenyl-2-propyn-1-ol, show similar retention time with the unknown 
component. The mass spectra, however, show different relative abundance between the 
m/z=130 and m/z=102 ions that indicate difference in the degree of fragmentation and the 
unknown component is therefore a different species.  
 In addition to mass spectroscopy, the unknown component is also analyzed using 
liquid chromatography for separation and UV-Vis spectroscopy for identification. To 
determine the elution time of the unknown component during HPLC separation, the 
sample containing the unknown component is separated through liquid chromatography 
and fractions are collected for each corresponding UV peaks. GC-MS analyses are then 
performed to identify the specific fraction that contains the unknown component and the 
HPLC elution time of that fraction. The spectra of the peak observed at that elution time 
is shown in Fig. D.3 and shows UV peaks consistent with the !max of 1-indenone (233, 
238, 318, 380 nm).  
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 A more detailed and comprehensive method of confirming the identity of the 
unknown component as 1-indenone requires isolation of the component followed by 
analyses via Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic 
resonance spectroscopy (NMR). FTIR can be useful at identifying the presence of the 
carbonyl group and the results of 
1
H-NMR and 
13
C-NMR confirms the types of bonds 
within the molecule.  
 Isolation of the unknown component requires introducing the sample through an 
HPLC on a normal-phased program of n-hexane mobile phase and collecting the fraction 
containing the unknown component. The step is repeated until approximately milligram 
quantities of the sample are collected. All the fractions collected were consolidated then 
completely but carefully evaporated to remove the more volatile solvent and leave a 
residue containing mostly the solid form of the unknown component. The residue was 
then analyzed first in a 
1
H-NMR then 
13
C-NMR and was finally placed in a KBr plate for 
FTIR analysis. The result of the FTIR analysis (Fig. D4) shows a peak at 1700 cm
-1
 that 
is consistent for a carbonyl vibrational stretch. 1-Indenone contains a carbonyl group that 
is expected to produce the same IR stretch. The results from 
1
H-NMR (Fig. D5) show 
chemical shifts that are consistent for the aromatic hydrogens of 1-indanone. 
13
C-NMR 
result, however, are inconclusive due to the fact that less than the desired quantities of the 
unknown component have been collected. Although consistent with 1-indenone, the 
results from NMR spectroscopy also show the presence of impurities that can 
compromise any conclusion derived from NMR analyses. Additional analysis is therefore 
necessary to conclude the exact identity of the unknown component. 
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Figure D.4 Infrared spectrogram of sample extracted from the partial oxidation of catechol (1540 ppm 
O2) in the presence of iron oxide at 500 °C. 
! 201!
 
 
 
 
 
 
 
 
 
 
Figure D.5 1H-NMR spectrogram of sample extracted from the partial oxidation of catechol (1540 ppm O2) in the 
presence of iron oxide at 500 °C. 
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Figure D.5 cont’d… 1H-NMR spectrogram of sample extracted from the partial oxidation of catechol (1540 ppm O2) in 
the presence of iron oxide at 500 °C. 
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